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Chapter 1
General introduction
1.1. Heavy metal pollution
Pollution of the environment with heavy metals is a potential threat to the health of humans 
and ecosystems. All metals, except for radioisotopes produced during man-made nuclear 
reactions, are naturally present in the earth’s rocks. However, in most cases, metals become 
pollutants when humans release them, mainly through mining and smelting activities, and 
incorporate them in products such as leaded gasoline, pesticides, electricity pylons and 
paints (Hopkin, 1989; Walker et al., 2001). 
Metal emissions result, directly or indirectly, in the pollution of all environmental 
compartments including the soil, the atmosphere, and the hydrosphere (Hopkin, 1989). Point 
sources, such as mining and smelting works, cause local metal pollution. Emissions to the 
atmosphere and surface waters cause diffuse metal pollution due to the transport of fine 
particles over very long distances. Long-range atmospheric transport is apparent from the 
elevated metal concentrations that have been measured in remote areas such as the polar 
regions (Hopkin, 1989). In heavily industrialized regions it is difficult to distinguish point 
sources from the ‘grey veil’ of overall pollution (Hopkin, 1989). 
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Environmental control measures, such as the use of electrostatic precipitators in 
smelting works, the phase out of leaded fuel and the use of wastewater treatment systems, 
have reduced metal concentrations in the atmosphere and the hydrosphere of many 
western industrialized regions (Hopkin, 1989; Walker et al., 2001). However, metals are non-
degradable, and this results in chronic exposure of the environment (Hopkin, 1989). Despite 
environmental control measures, metal pollution from the past is still present in soils and 
sediments, and may still influence metal levels in food chains. 
Metals in the soil can be taken up by plants, and subsequently consumed by 
herbivores and carnivores. Organisms can also take up metals in the soil via soil feeding, 
or through the skin (Hopkin, 1989; Cœurdassier et al., 2002; Gomot-de Vaufleury and 
Pihan, 2002; Vijver et al., 2003). Dead plant and animal material is consumed by detritivores 
(Hopkin, 1989). Metals are transferred through the food chain via these biological pathways 
(Hopkin, 1989; McLaughlin, 2002). Metal concentrations in the lower trophic levels are a 
main factor controlling metal fluxes through the food chain. However, not all metals are 
available for uptake, and thus transfer, through the food chain. The form in which the metals 
are bound in the soil or the organisms determines metal availability (Hopkin, 1989). Soil 
acidity and organic matter content, amongst others, influence the binding of metals in the 
soil compartment, and in this way highly affect metal uptake by plants (Martin and Coughtrey, 
1982). Diet composition, or the specific part of the plant or animal eaten, is an important 
factor determining metal pollution of the consumers at the higher trophic levels (Hopkin, 
1989). 
Effects of metals are expressed at all biological levels of organization (Römbke and 
Moltmann, 1996). At the cellular level, for example, excess of metals in plants can modify the 
permeability of membranes, or decrease enzyme activity and synthesis (Bargagli, 1998). At 
the individual level, metal pollution can affect growth, reproduction and survival (Römbke 
and Moltmann, 1996). Such effects influence the population dynamics of the species, and can 
alter the abundance and diversity of plants and animals (Hopkin, 1989). Ultimately, whole 
ecosystems can be affected by heavy metal pollution. In highly polluted smelter locations, for 
example, the decomposition of litter, and thus nutrient cycling, is impaired due to the almost 
complete absence of litter decomposers in the soil and litter layer (Hopkin, 1989). 
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1.2. Research framework 
In the Netherlands, diffuse and chronic metal pollution, mainly derived from the pollution 
episode in the 1960s and 1970s, is present in many terrestrial and aquatic ecosystems. 
Besides metals, the grey veil of pollution also contains many other substances such as 
polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) (see for 
example Middelkoop and Van Haselen, 1999; Groot et al., 2000; MNP, 2005). The Stimulation 
Programme System-oriented Ecotoxicological Research (SSEO) was started in 1999 to 
promote scientific knowledge and understanding of how ecosystems react to chemical 
pollution of a chronic and diffuse exposure. In addition, the programme aims at using this 
knowledge to assist in formulating and implementing policy with respect to ecological risks 
of chronic and diffuse pollution. The research described in this thesis is part of the SSEO 
programme.
The stimulation programme is coordinated by the Netherlands Organization for 
Scientific Research (NWO), and funded by this organization as well as by the Ministry of 
Education, Culture and Science; the Ministry of Agriculture, Nature and Food Quality; the 
Ministry of Housing, Spatial Planning and the Environment; and the Ministry of Transport, 
Public Works and Water Management. 
The programme committee selected three locations in the Netherlands to carry 
out the proposed research. The locations facilitate research on different types of ecosystems 
(grasslands and floodplains), and are relevant for policy-making. The three locations are the 
Ronde Venen, the Afferdensche and Deestsche Waarden and the Biesbosch. The Ronde 
Venen, situated in the province of Utrecht, is a peaty grassland area that was used for the 
dumping of urban waste in earlier decades (between 1600 and 1900 AD). This dumping 
created a polluted landfill cover. The Afferdensche and Deestsche Waarden, located in the 
south-eastern part of the Netherlands, is a floodplain area of the river Waal that includes 
river-derived pollution in the soil profile. The Biesbosch, located in the south-western part 
of the Netherlands, is the floodplain area in which the rivers Meuse and Rhine unite. The 
soils and sediments in this area contain chronic and diffuse river-derived pollution as well. 
The research described in this thesis was carried out in, or related to, the situation in the 
terrestrial parts of the Biesbosch, and this research area is described more extensively 
below. 
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1.3. Research area ‘the Biesbosch’
The Biesbosch is the floodplain area in which the rivers Meuse and Rhine join (Fig. 1.1). In the 
Middle Ages, the area was a prosperous agricultural region, but a severe flood in November 
1421 AD (Saint Elisabeth’s flood) changed it into a large inland sea. In combination with the 
discharging rivers, the area gradually altered into a freshwater tidal area with a tidal amplitude 
of about 2 meters (www.biesbosch.org). The rivers carried a high load of sediment, and the 
area became a sedimentation basin. The rivers Rhine and Meuse proceed as Hollands Diep, 
and subsequently as Haringvliet before discharging into the North Sea (Fig. 1.1). 
The Biesbosch consists of three areas: the Brabantse Biesbosch, the Sliedrechtse 
Biesbosch and the Dordtse Biesbosch (Fig. 1.1). A large part of the Biesbosch is characterized 
by an extensive system of creeks, surrounded by alluvial forests and brushwood. Some parts 
of the area are in agricultural use. The area is known for its huge number of highly valued 
plant and animal species such as a certain species of marsh marigold (Caltha palustris var. 
araneosa; ‘spindotter’), the yellow-rattle (Rhinanthus minor; ‘kleine ratelaar’), the beaver 
(‘bever’) and the kingfisher (‘ijsvogel’). The area is an important feeding and resting stop 
during bird migration, such as for the bluethroat (‘blauwborst’). In 1980, the Brabantse 
Biesbosch was designated as ‘wetland of international importance’ according to the Ramsar 
convention (Ramsar, 2003). In 1994, Biesbosch National Park was founded including all three 
areas (about 9000 hectares) (www.biesbosch.org).
Between 1955 and 1975, metal concentrations in the rivers Meuse and Rhine were 
high, and polluted sediments were deposited on land during flooding (Beurskens et al., 1993; 
Middelkoop and Van Haselen, 1999). The sluices in the Haringvliet and the Volkerak, which 
were constructed in 1969-1970 as part of the Deltaworks Project to protect the Dutch 
coast from the North Sea, closed the direct connection of the Biesbosch with the sea (Fig. 
1.1). This drastically affected the hydrological and ecological situation in the Biesbosch (De 
Boois, 1982).
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Fig. 1.1. Map of the Biesbosch, and the position of the Biesbosch in the delta of the rivers Rhine and Meuse (small 
map). The selected research locations are displayed as abbreviations of the Dutch location names (see Table 
1.1). The rivers Nieuwe Merwede and Amer are continuations of the rivers Rhine and Meuse, respectively. The 
numbered dots in the small map display the position of the sluices in the Haringvliet (1) and in the Volkerak (2). The 
dotted areas represent drinking water storage reservoirs (constructed in the 1970s). 
The tidal amplitude strongly decreased (current range 20-60 cm), resulting in a smaller area 
of regularly flooded plains. The water current also decreased, causing increased deposition 
of metal polluted sediments (Van den Berg, 1998; ONPB, 2004). Many parts of the Biesbosch 
turned into a shallow lagoon area (ONPB, 2004). The reduction of the tidal influence caused 
a sharp decrease in reed (Phragmites australis) coverage, and a spectacular increase in stinging 
nettles (Urtica dioica) (De Boois, 1982). 
Since environmental control measures have been implemented, such as in the Rhine 
Action Plan (formally adopted in 1987), metal concentrations in the rivers have improved 
considerably (Middelkoop and Van Haselen, 1999). The ‘old’ pollution, however, is still 
present in the soil. In this way, the Biesbosch is an area exposed to chronic and diffuse metal 
pollution, and therefore suitable to investigate if such metal pollution affects metal levels and 
the functioning of food chains. 
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1.4. Research questions
The research described in this thesis investigates transfer and effects of diffuse and chronic 
metal pollution in a soil-plant-herbivore food chain in aboveground terrestrial ecosystems 
of the Biesbosch. A characteristic soil-plant-herbivore food chain was selected, including 
the plant species Urtica dioica (stinging nettle; Urticaceae) and the snail Cepaea nemoralis 
Linnaeus (grovesnail or brown lipped snail; Pulmonata). The metals studied were zinc (Zn), 
copper (Cu), lead (Pb) and cadmium (Cd). 
 Three main research questions were formulated:
1. What is the extent of metal transfer through the soil-plant-snail food chain?
2. What is the origin of Pb in the soil-plant-snail food chain? 
3. What are the effects of heavy metals on the organisms in the food chain?
1.5. The selected heavy metals 
The concentrations of the four metals Zn, Cu, Cd and Pb in the environment often exceed 
background concentrations, and these metals are widely recognized as pollutants (Alloway, 
1990; Baker, 1990; Davies, 1990; Kiekens, 1990). These metals are emitted to the environment 
during mining and smelting activities, during the combustion of fossil fuels and the use of 
sewage sludge on agricultural land. In addition, Zn, Cu and Cd are a constituent of several 
fertilizers and pesticides (Alloway, 1990; Baker, 1990; Kiekens, 1990). Also farmyard manure, 
such as pig slurries and poultry manure, contains metals (Alloway, 1990; Baker, 1990). In 
the Netherlands, regulations limit the emission of metals from these sources. For example, 
the content of metals in animal feed has sharply decreased, directly decreasing the amount 
of metals emitted from farmyard manure. Besides, the raw materials used during the 
manufacturing of fertilizers contain fewer metals, and the use of sewage sludge in agriculture 
has been forbidden in 1995 (Milieu- en Natuurcompendium, 2005b; 2005a). Till recently, 
the most important source of Pb emissions to the environment was the use of leaded fuel 
(Davies, 1990; Pain, 1995). The organic form of lead, tetraalkyl lead, was added to gasoline 
as anti-knock agent, to allow for high engine compression ratios without spontaneous air/
gasoline ignition in the cylinder (Pain, 1995). In many western countries, the content of Pb 
in fuel was lowered and ultimately phased out from the 1980s onwards (Von Storch et al., 
2003). 
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The metals Zn and Cu are both essential trace elements for the functioning of 
organisms (Hopkin, 1989). In higher invertebrates, for example, Zn is part of the enzyme 
carbonic anhydrase that catalyses the formation of calcium carbonate, and Cu is part of 
the enzyme cytochrome oxidase that is involved in electron transport (Hopkin, 1989). In 
molluscs, such as terrestrial snails, and in crustaceans, Cu is an essential constituent of 
the oxygen-carrying protein haemocyanin (Dallinger, 1993). Below certain concentrations, 
essential metals are deficient, and may cause disturbed growth and reproduction. If internal 
concentrations exceed a certain threshold, however, these metals can be toxic as well 
(Hopkin, 1989). Organisms have uptake and regulation mechanisms for essential metals, but 
these mechanisms are not always sufficiently selective (Beeby, 1991). For example, chemical 
similarities between elements allow non-essential metals, such as Cd and Pb, to follow the 
uptake routes of essential metals (Beeby, 1991). In this way, non-essential metals are also 
transferred through the food chain, and are potentially toxic. Increase in concentrations 
along food chains, i.e. bioaccumulation, is especially known for Cd (Walker et al., 2001; 
McLaughlin, 2002). The selected metals have been investigated in plants and invertebrates 
such as snails and earthworms, before, contributing to the knowledge about metal uptake 
and effects (Hopkin, 1989; McLaughlin, 2002).  
1.6. The investigated soil-plant-snail food chain
1.6.1. Soil compartment
The soil compartment of the selected food chain in this study included the topsoils of a 
number of field locations. Four research locations were selected in the Biesbosch: three 
locations in the Brabantse Biesbosch, and one location in the Sliedrechtse Biesbosch (Fig 
1.1). Location Lage Hof (LH) is situated on the shores of the Nieuwe Merwede, and is 
flooded regularly. The other locations are not flooded (Petrusplaat Oost (PO) and Biesdonk 
(BD)), or sporadically flooded (Merwelanden (ML)). 
To be able to compare the polluted situation in the Biesbosch with a ‘clean’ 
situation, two reference locations outside the Biesbosch area were selected. From previous 
investigations (Dirksz et al., 1990; Otte, 1991; Winkels and Vink, 1993; Van der Scheer and 
Gerritsen, 1998) and preparatory field visits, it was considered impossible to find suitable 
locations with low soil pollution levels and the characteristic food chain within the Biesbosch 
area. The reference location Amsterdamse Bos (AB) was situated near Amsterdam, and 
location Torenvalkweg (TV) was located in the province of Flevoland. Both locations were 
not situated in floodplains. 
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Metal concentrations in the Biesbosch were relatively low compared with 
concentrations measured around metal smelters (chapter 2). To include potential maximum 
effects of metal pollution on snails, a location in Belgium (Overpelt (OV)) close to an active 
Zn smelter was included in some experiments (Fig 1.1). Although soil metal concentrations 
in this location appeared to be similar or even lower than in the Biesbosch, metal 
concentrations in nettle leaves and snails were considerably higher (chapter 5). 
Not all research locations were included in every experiment. Therefore, different 
location codes were used in the various chapters (Table 1.1).
Table 1.1. Overview of location names and abbreviations per chapter. In the introduction (chapter 1) and the 
discussion (chapter 6) the Dutch names or abbreviations are used. 
Dutch name Abbreviation 
Dutch name
Ch. 2 Ch. 3 Ch. 4 Ch. 5
Polluted Biesbosch locations
Lage Hof LH Poll-1 - - -
Petrusplaat Oost PO Poll-2 - BB1 LP1
Biesdonk BD Poll-3 - - -
Merwelanden ML Poll-4 LP BB2 LP2
Reference locations
Torenvalkweg TV Ref-1 Ref-1 REF REF
Amsterdamse Bos AB Ref-2 - - -
Highly polluted Belgian smelter location
Overpelt OV - HP - HP
1.6.2. Plant compartment
Stinging nettles (Fig. 1.2) are very abundant in the Biesbosch. This plant species, which is 
very common in the Netherlands, thrives on soils rich in nitrogen and phosphorus, and 
prefers moderately moist soils and an overshadowed habitat (Weeda et al., 1985). It occurs 
in many types of forests, road verges, and on the shores of, especially highly eutrophic, 
watercourses. 
Stinging nettles are not commonly used in ecotoxicological tests, but in the 
Biesbosch some studies were carried out earlier investigating metal concentrations in this 
species (Otte and Palsma, 1989; Otte, 1991; Van Doornmalen et al., 1995). Otte (1991) found 
a gradient of increasing soil metal pollution from the North Sea towards the Biesbosch, and 
this gradient was also reflected in stinging nettle concentrations. His results also showed a 
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large seasonal and spatial variation in metal concentrations in nettles within the research 
locations. Dilution due to biomass production, and the influence of microclimate were partly 
held responsible for these differences. Otte (1991) indicated that stinging nettles could be 
a suitable plant species to monitor the bioavailable metal concentrations in the soil. Van 
Doornmalen et al. (1995) found positive relationships between total soil and leaf metal 
concentrations, and confirmed the suitability of stinging nettle as a biomonitor. 
Fig. 1.2. Urtica dioica (stinging nettle; ’grote 
brandnetel’). Illustration taken from Weeda et 
al. (1985) (with permission from fam. Westra).
 1.6.3. Snail compartment
Cepaea nemoralis (Fig. 1.3) is a common snail species in the Netherlands. It is characterized 
by a brown-black rim at the mouth of the shell (the so-called ‘lip’), and is highly variable in 
colour (from pink to brown) and banding pattern (no bands or up to five bands). It occurs 
in grasslands, fallow areas and marshes (Devriese and Warmoes, 1985). The diet composition 
of C. nemoralis is variable in time and space, but it prefers fresh U. dioica leaves (Grime et 
al., 1970; Wolda et al., 1971). This was also found for Helix aspersa, another terrestrial snail 
species (Iglesias and Castillejo, 1999). In this study the authors suggested that this choice 
was due to the nutritional properties and the abundance of stinging nettles in the research 
locations (Iglesias and Castillejo, 1999). Snails are attracted by the smell of stinging nettle 
leaves (Grime et al., 1970). Contrary to vertebrate herbivores, snails and slugs are not 
deterred by the stinging hairs of the species (Iglesias and Castillejo, 1999). In the Biesbosch, 
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stinging nettles and C. nemoralis often occur together. Moreover, snails are relatively sessile, 
easy to sample and to identify. In this way, the soil-stinging nettle-Cepaea nemoralis food chain 
is suitable to answer the research questions. 
Fig. 1.3. Cepaea nemoralis (grovesnail or brown lipped snail; ’gewone tuinslak’). The arrow indicates the brown-black 
‘lip’ that distinguishes C. nemoralis from the, in the Netherlands, less common white-lipped snail Cepaea hortensis 
(‘witgerande tuinslak’), and is a characteristic of adult specimen (Williamson, 1976). Illustration by Renée den 
Besten, taken from KNNV (2005) (with permission).
 
Metal concentrations and effects in terrestrial snails have been studied earlier, but 
in the Biesbosch no snail metal concentrations were determined before. Already in 1974, 
Meincke and Schaller (1974) indicated the potential of the species Helix pomatia to monitor 
environmental heavy metal pollution. Thereafter, other field studies have been carried out to 
investigate the use of terrestrial snails as biomonitors (Martin and Coughtrey, 1982; Berger 
and Dallinger, 1993; Gomot de Vaufleury and Pihan, 2000; Beeby and Richmond, 2002). Many 
factors affect metal accumulation in snails, such as snail species, weight, size, physiological 
status and diet composition (Williamson, 1979; 1980; Gomot and Pihan, 1997). This hampers 
the use and acceptance of land snails as biomonitors (Beeby and Richmond, 2002). 
Many laboratory tests with snails have also been carried out, investigating (1) 
uptake and accumulation of metals in snails (Moser and Wieser, 1979; Beeby, 1985; Berger 
and Dallinger, 1989; Gomot and Pihan, 1997; Gomot-de Vaufleury and Pihan, 2002); (2) the 
distribution of metals among several organs (Coughtrey and Martin, 1976; Dallinger and 
Wieser, 1984; Beeby and Richmond, 1989); (3) the effects of elevated internal and external 
metal concentrations on snails (Russell et al., 1981; Laskowski and Hopkin, 1996a; 1996b; 
Gomot-De Vaufleury, 2000; Swaileh and Ezzughayyar, 2000; 2001; Cœurdassier et al., 2002) 
and (4) the possible adaptation of snails to metal pollution (Greville and Morgan, 1991; Beeby 
and Richmond, 2001; Beeby et al., 2002). Generally, terrestrial snails accumulate metals, and 
store significant amounts in a liver-like organ: the digestive gland (Fig. 1.4) (Dallinger et al., 
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2001). Accumulation and toxic effects of metals in snails can be due to uptake from the food 
or from the soil, via soil feeding or through the skin of the foot (Cœurdassier et al., 2002; 
Gomot-de Vaufleury and Pihan, 2002).
Fig. 1.4. The internal anatomy of pulmonate molluscs such as Cepaea nemoralis, indicating the position of the digestive 
gland (top).  The reproductive organs are not shown. Illustration taken from Burch (1962).
1.7. Outline of this thesis
The first experiment (chapter 2) investigated the extent of metal pollution in the different 
food chain compartments and the transfer between these compartments. Relationships 
between food chain compartments for each of the four metals were calculated, and used to 
indicate transfer and the importance of possible transfer routes. Metal concentrations (Zn, 
Cu, Pb and Cd) were determined in soil, stinging nettle leaves and C. nemoralis snails sampled 
in the four polluted research locations in the Biesbosch and the two reference locations 
outside this area. Figure 1.5. shows the transfer routes explicitly studied in this experiment.
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Fig. 1.5. Possible transfer routes of metals to and 
between the compartments of the selected soil-
plant-snail food chain. The numbers represent the 
chapters in this thesis in which the transfer route is 
studied or discussed. 
The results of the field survey (chapter 2) indicated that metal transfer from plant 
leaves to snails was more important than the transfer directly from the soil to the snails. This 
prompted the design of a metal accumulation experiment investigating transfer of Cd from 
stinging nettle leaves to snails at low, but Biesbosch-relevant Cd concentrations in nettle 
leaves (chapter 3). The experiment was conducted under climate-controlled conditions, 
and C. nemoralis snails from the reference location Torenvalkweg (TV) were used. Nettle 
plants, used for snail food, were raised in the greenhouse on nutrient solution in order to 
contain Cd levels similar and somewhat higher than the concentrations found in Biesbosch 
nettle leaves. This experiment explicitly studied the leaf-snail transfer route (Fig. 1.5).
Metal concentrations in food chain compartments (chapter 2) do not give 
information about the origin of metal pollution. For lead, the origin of pollution can be 
traced by means of lead isotope ratios. Chapter 4 describes a field experiment designed 
to determine the origin of Pb pollution in the soil-plant-snail food chain in the Biesbosch. 
It is expected that the ‘old’ Pb pollution in the soil contributes largely to Pb levels in plants 
and snails. Studying Pb isotope ratios can reveal if contemporary atmospheric Pb pollution 
also influences Pb pollution levels in the food chain. All compartments of the food chain, as 
well as rainwater and airborne particulate matter, were sampled and analysed for Pb isotope 
ratios. The situation in two Biesbosch locations was compared with the reference location 
Torenvalkweg (TV). The soil Pb concentrations in this location were low, and the location is 
not situated in a floodplain area. Due to this, a different mixture of Pb sources was expected 
in the food chain in this location in comparison with the Biesbosch. All possible transfer 
Atmosphere
Snail
Plant leaves
Soil
4
2/3/4
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routes to and between the compartments of the soil-plant-snail food chain play a role in this 
experiment (see Fig. 1.5). 
The experiments set out in chapter 5 were designed to investigate the effects of 
metal pollution on snail food consumption and reproduction. The experiments were carried 
out in the greenhouse, but used soil, plant leaves and snails from the field locations. The 
first experiment was carried out to study the effects of leaf and snail metal pollution on 
consumption rates of C. nemoralis, and used both snails and nettle leaves originating from 
the reference location Torenvalkweg and the highly polluted location Overpelt in Belgium. 
In the second experiment, the effects of heavy metals on reproduction were investigated by 
keeping field snails on native soil and food in order to reproduce. Locations included were 
the reference location Torenvalkweg, two polluted Biesbosch locations (Petrusplaat Oost 
and Merwelanden) and the highly polluted location Overpelt in Belgium. 
 In chapter 6, the findings of the different experiments are integrated, and related 
to the general research questions of this study. 
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Chapter 2
Heavy metal concentrations in a soil-plant-snail 
food chain along a terrestrial soil pollution gradient
With A.J.P. Oosthoek, J. Rozema and R. Aerts; 
published in Environmental Pollution 138: 178-190 (2005) 
Abstract 
We investigated concentrations of Zn, Cu, Cd and Pb in the compartments of a soil-plant 
(Urtica dioica)-snail (Cepaea nemoralis) food chain in four polluted locations in the Biesbosch 
floodplains, the Netherlands, and two reference locations. Total soil metal concentrations in 
the polluted locations were 4-20 times higher than those in the reference locations. Positive 
relationships between the generally low leaf concentrations and the soil concentrations 
were found for Zn only (r2=0.20). Bioaccumulation of Zn, Cu and Cd was observed in the 
snail tissues. We found positive relationships between the snail and leaf concentrations for 
all metals (range r2=0.19-0.46). The relationships between soil and snail concentrations were 
also positive, except for Cu (range r2=0.15-0.33). These results suggest transfer of metals to 
C. nemoralis snails from U. dioica leaves and from the soil. Metal transfer from polluted leaves 
to C. nemoralis was more important than transfer from the soil. 
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2.1. Introduction 
In the past decades, both terrestrial and aquatic environments have been polluted with metals 
(Hopkin, 1989). Polluted river water causes polluted sediments, which when deposited on 
land pose a potential threat to terrestrial ecosystems. Metals in the soil can be taken up by 
plants and transferred to a higher trophic level by means of herbivory (Beeby, 1985; Hopkin, 
1989). Terrestrial snails are suitable to investigate transfer of metals from the environment 
to the herbivore level. First, snails accumulate metals in their soft tissues (e.g. Coughtrey and 
Martin, 1976; Dallinger and Wieser, 1984). Second, snails are a key component in terrestrial 
ecosystems, and can contribute significantly to the transfer of pollutants to primary 
consumers and terrestrial predators (Dallinger et al., 2001).
Transfer of metals to various food chain compartments is influenced by many 
factors. The type of metal is an important variable in all transfer routes. Metal speciation is 
an important factor determining the transfer of metals from soil to plant. Soil characteristics, 
such as pH, organic matter and clay content, highly influence metal speciation and thus 
bioavailability (Salomons and Förstner, 1984). Other factors include for example the 
distribution of the metals across the soil profile and rooting depth (Martin and Coughtrey, 
1982). Transfer of metals to snails and the metal concentrations in snails depend on factors 
such as snail species (Gomot and Pihan, 1997), diet, season (Williamson, 1979), age, weight 
and physiological status (Williamson, 1980).
We studied transfer of Cu, Zn, Cd and Pb in a terrestrial soil-plant-snail food chain 
in metal polluted floodplain soils in Biesbosch National Park, the Netherlands. The selected 
food chain included the perennial plant species stinging nettle (Urtica dioica; Urticaceae) 
and the herbivorous snail Cepaea nemoralis Linnaeus (Pulmonata). Both species are very 
common in the Biesbosch, and often occur together in many locations. Because C. nemoralis 
includes fresh U. dioica leaves in its diet (Grime et al., 1970; Wolda et al., 1971), this species 
combination is useful to study food chain transfer of metals. Other researchers have studied 
the extent of metal pollution in soil, vegetation and detritivores in the Biesbosch (e.g. Otte, 
1991; Hobbelen et al., 2004), but food chain transfer of metals to invertebrate herbivores in 
this area has received less attention.
In this study, transfer was not measured directly, but was inferred from a 
combination of different indirect measures. First, we measured metal concentrations in the 
different food chain compartments at the various locations. Next, we investigated if nettle 
leaves, and subsequently snails, showed elevated levels of metals when living on increasing 
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levels of soil pollution. Therefore, we investigated the occurrence of positive relationships 
of metal concentrations between different food chain compartments. Differences in the 
strength of these relationships, measured as the coefficient of determination, were used as a 
measure of the importance of the different transfer routes. 
We expected positive relationships between metal concentrations in the leaf-soil 
and the snail-leaf compartments. In addition, we also expected positive relationships between 
the concentrations in the snail and the soil compartment, because several activities of snails 
partly take place in the soil (Heller, 2001; Speiser, 2001). Within a food chain compartment, 
we expected high correlations between the metal concentrations due to the similar history 
of metal pollution in the locations. 
2.2.  Materials and methods  
2.2.1. Research locations 
Biesbosch National Park, located in the western part of the Netherlands, includes the river 
delta in which the rivers Meuse and Rhine join. The area is one of the few freshwater tidal 
areas in Europe, and has been assigned the status of ‘wetland of international importance’ 
according to the Ramsar Convention (Ramsar, 2003). For a long time, the water of both 
rivers has been polluted. Consequently, deposited sediments were also polluted, including 
both organic compounds and metals. Although national and international environmental 
regulations have improved the water quality, the polluted layers of sediment are still 
present. 
 We selected six research locations: four polluted locations in the Biesbosch (Poll-
1 up to Poll-4), and two unpolluted reference locations outside the Biesbosch (Ref-1 and 
Ref-2) (Fig. 2.1). No suitable unpolluted reference locations could be selected within the 
Biesbosch area. All locations were dominated by stinging nettle, and had a clayey soil type. 
C. nemoralis snails were usually present in sufficient numbers. Poll-1 and Poll-4 were located 
close to the river and were subject to regular inundation. Poll-2 and Poll-3 were located 
on the foot of the dike and within an embanked area, respectively, and were not regularly 
flooded. Both reference locations were situated in areas where sedimentation processes 
did not influence the soil, and were assumed to be uncontaminated in comparison with the 
Biesbosch locations. The role of metal transfer from air pollution was ignored in this study. 
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Fig. 2.1. Map indicating the polluted locations (Poll-1 up to Poll-4) in the Biesbosch, and the reference locations 
(Ref-1 and Ref-2). The small map shows the Netherlands and the Biesbosch area. The rivers Nieuwe Merwede and 
Amer are the continuations of the rivers Rhine and Meuse, respectively. 
2.2.2. Field sampling procedure
All locations were sampled for soil, nettle plants and snails in July 2001, and from each 
compartment seven samples were taken. Only at Poll-1, 24 soil and plant samples were 
taken, which were initially part of another survey carried out in July 2001. A nettle plant was 
chosen at random in the vegetation and cut at soil level. Subsequently, the top 15 cm of the 
soil surrounding the plant, excluding the litter layer, was sampled with a soil corer (diameter 
10 cm). C. nemoralis snails were sampled by hand searching. The selected snails were of 
similar size (mean height 1.8 cm; mean width 2.1 cm) and had a clear brown-black ‘lip’ at 
the mouth of their shell, indicating that the snail has reached adulthood (Williamson, 1976). 
At Poll-1, only two appropriate individuals were found. In September 2002, another four 
suitable specimens were sampled. Both samples were combined to improve statistical power, 
despite the fact that seasonal variation in snail metal concentrations may exist (Williamson, 
1980; Beeby and Eaves, 1983). The individual snail concentrations showed no obvious pattern 
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suggesting such variation, and the standard error of the total sample was in the same range 
as for the other locations. The snail species Arianta arbustorum was abundant at Poll-1 and 
Ref-1, and similarly sized individuals were also collected (Poll-1, n=8 in July 2001; Ref-1, n=10 
in August 2002). These individuals were handled in a similar way as C. nemoralis. 
2.2.3. Laboratory analyses
Soil analyses
The fresh soil samples were hand sorted to remove roots and litter. The organic matter 
content was determined by incinerating 40-50 mg of dried (60 °C for 4 days) soil at 500 °C 
for 4.5 hours. Clay content and pH-H
2
O were determined on another set of soil samples. 
Clay content was determined by laser grain size analysis (see Konert and Vandenberghe, 
1997). The pH-H
2
O was determined on dried soil samples.  
For metal analysis, a dried and ground sample of about 1 g was digested in 2 mL 4:
1 HNO
3 
(65 %): HCl (37 %) at 140 °C for 7 hours. The sample volume was made up to 10 
mL with distilled water. 
Plant analyses
The plants were rinsed in distilled water to wash off potential air pollutants. The leaves were 
separated, dried (60 °C, 4 days) and ground in a ball mill (Retch MM 200 or Retch PM4, 
for samples of approximately 0.5-8 mL or more, respectively). Samples, about 0.1 g, were 
digested as described in the section on soil analyses above.
Snail analyses
The snails were kept without food for two days to evacuate their gut. After their shell height 
and width was determined, the snails were killed by immersion in boiling tap water, and 
dissected into four soft tissue parts (digestive gland, buccal mass, foot mass and the remaining 
parts) and the shell (see figure 1.4. in the general introduction for a schematic overview of 
internal snail anatomy. The buccal mass is the mouth section including the radula). All dried 
(60 °C, 4 days) tissue parts, except for the buccal mass, were digested in 1 or 2 mL HNO
3 
(70 %) at 140˚ C for 7 hours, depending on the dry weight of the sample (about 0.05 g, and 
about 0.1 g or more, respectively). The sample volumes were made up to 5 or 10 mL with 
distilled water, respectively. 
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The buccal mass parts (3-10 mg dry weight) were digested in 500 μL of 1:7 HNO
3
 
(65 %): HClO
4 
(70 %) for about 4.5 hours in several steps up to 180 °C until all the acid 
evaporated. Prior to metal analysis, the samples were dissolved in 500 μL 0.1M HNO
3 
(70 
%) in double distilled water. Total soft tissue concentrations were calculated by means of the 
concentrations and dry weights of the different organs. Snail shells were not included in any 
digestion procedure. 
Metal analyses
For the digestion of buccal mass parts, bovine liver (CRM 185) was used as a reference 
material. The results for Cd and Pb were within the range of certified values, whereas for 
Zn and Cu the values deviated 9 and 15 % from the certified range, respectively. Olive leaves 
(CRM 062) were included as a reference material in all other digestion procedures. Recovery 
for Cd was within the range of certified values, whereas recovery for Cu, Zn and Pb deviated 
11-15 % from the certified range. All digestion procedures included 3-5 control blanks. 
All soil samples were analysed on a Perkin Elmer Flame AAS 1100, as well as leaf 
Zn concentrations exceeding 6.5 nmol mL-1. Other leaf concentrations as well as snail 
concentrations were determined on a Perkin Elmer Graphite Furnace AAS (2100 with HGA 
700). Metal concentrations below the detection limit were assigned value 0. 
2.2.4. Calculations and statistical analyses
To test for significant differences in concentrations among the locations per compartment, 
analysis of variance was carried out. According to Levene’s test, the variances of the soil data 
were unequal for all metals. This was still observed, although to a lesser extent, after log 
(x+1) transformation. One-way ANOVA, however, is robust to deviations from the criterion 
of homoscedasticity, if group sizes are equal or nearly equal (Zar, 1984). Since the Poll-1 soil 
data comprised 24 samples, we took a random subsample of seven measurements from 
the log-transformed data to achieve equal group sizes (all groups, n=7). Subsequently, we 
carried out one-way ANOVA followed by Games-Howell multiple comparisons testing. This 
procedure yielded the same results for three random drawings, for all four metals. 
The variances of the leaf Cu concentrations were equal, and these data were 
analysed with one-way ANOVA. The Zn, Cd and Pb concentrations in the leaves deviated 
from the criterion of equal variances. The procedure used for the soil data was not repeated 
for the leaf data, because the values within the Poll-1 compartment varied too much, and 
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different random drawings resulted in different statistical results. Therefore non-parametric 
Kruskal-Wallis tests were carried out. For Cd a correction for tied ranks was included. 
Multiple comparisons were calculated with a standard error corrected for unequal group 
sizes (Poll-1, n=24; Ref-2, n=6; other locations, n=7). This procedure was also used to test 
for significant differences among locations in soil organic matter content (Poll-1, n=24; other 
locations, n=7) and pH-H
2
O (Poll-2 and Poll-3, n=11; other locations, n=10). Clay content 
was analysed with one-way ANOVA, followed by a Tukey test with correction for unequal 
group sizes (Ref-2, n=6; other locations, n=7).
The snail concentrations reported and used in all statistical analyses are the total soft 
tissue concentrations. The snail Cu concentrations satisfied the criterion of equal variances, 
and the data were analysed with one-way ANOVA. For the Zn, Cd and Pb concentrations, 
the criterion was satisfied after log (x+1) transformation, and one-way ANOVA was carried 
out. Tukey’s multiple comparisons were calculated with a standard error corrected for 
unequal group sizes (Poll-1 and Ref-2, n=6; other locations, n=7). 
To test for significant relationships between different metal concentrations within a 
food chain compartment, correlations were calculated. The Kolmogorov-Smirnov procedure 
was used to assess normality. If both variables were derived from a normal population, 
Pearson’s correlation coefficient was used. Spearman’s rank correlation coefficient was 
calculated if one or both variables were not normally distributed. 
Regression techniques were used to investigate the relationships between two 
different food chain compartments for each metal over all six locations. Residual plots for 
the non-transformed as well as the log-transformed data were examined visually to assess 
the distribution of the variables. The data presented are those for which the standardized 
residuals were best on a straight line in a normal Q-Q plot. The replicate snail metal 
concentrations were tested against the mean leaf and soil metal concentrations, because we 
could not directly link individual snails to individual plant and soil samples (multiple values of 
y versus x: see Zar, 1984). The influence of snail dry weight on internal metal concentrations 
was also investigated with regression analyses. 
The soil concentrations were compared with the Dutch standards for the 
assessment of polluted soils, including an intervention value and a target value (minVROM, 
2000). The intervention value is the maximum allowable concentration, and soil remediation 
measures should be considered if this concentration is exceeded. The target value is the 
reference value for clean soil. The standards include a correction for organic matter and clay 
content, allowing a comparison between different soil types. 
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2.3. Results  
 
2.3.1. Soil characteristics
All soil characteristics measured differed significantly among locations, but there was no 
clear difference between polluted and reference locations (Table 2.1). The pH-H
2
O of the 
Biesbosch soils varied between 7.0 and 7.3. In Ref-2 the pH-H
2
O was lowest, and at Ref-
1 the pH-H
2
O was highest. In the latter location the lowest organic matter content was 
observed, while the soil of Poll-3 had the highest content. Poll-1 showed the highest clay 
content, whereas in the soil of Poll-2 the lowest clay content was measured. 
Table 2.1.
Soil characteristics (mean ± se) of the polluted locations (Poll-1 up to Poll-4) in the Biesbosch, and the reference 
locations (Ref-1 and Ref-2). pH-H
2
O: Poll-2 and Poll-3, n=11; other locations, n=10. Organic matter content: Poll-
1, n=24; other locations, n=7. Clay content: Ref-2, n=6; other locations, n=7. Lower case letters indicate multiple 
comparisons. Column cells with different letters are significantly different.
2.3.2. Metal concentrations in the food chain compartments
The soil metal concentrations were significantly different among locations, and multiple 
comparisons showed a significant pollution gradient for all metals (Fig. 2.2). The Zn, Cu and 
Cd concentrations found at Poll-1 were about 20 times higher than those at the reference 
locations. The Pb concentration at Poll-1 was about 8 times higher. The metal concentrations 
in the other polluted locations were 4-10 times higher than those in the reference locations. 
According to the Dutch standards, the soil at Poll-1 exceeded the intervention value for Zn 
and Cu, and approached this value for Cd (Fig. 2.2) (minVROM, 2000). The lead concentration 
at Poll-1 highly exceeded the target value. The soil concentrations at the other polluted 
locations exceeded or approached the intervention value for Zn, and exceeded the target 
value for the other metals. The soil concentrations of both reference locations were equal 
to or lower than the target value for all metals. All metal concentrations within the soil 
compartment were highly correlated (r=0.91-0.97) for all six locations combined (Table 
2.2).
Location pH-H
2
O Clay (%)
Poll-1 7.0 ± 0.03 ab 19.5 ± 0.3 c 47.1 ± 0.9 c
Poll-2 7.2 ± 0.04 bc 12.5 ± 0.8 ab 25.6 ± 1.7 a
Poll-3 7.0 ± 0.07 ab 21.7 ± 1.8 c 34.7 ± 1.7 b
Poll-4 7.3 ± 0.03 bc 10.6 ± 0.7 ab 32.1 ± 0.9 ab
Ref-1 7.4 ± 0.02 c 8.3 ± 0.3 a 37.3 ± 0.8 b
Ref-2 5.4 ± 0.08 a 19.3 ± 0.4 bc 31.3 ± 2.5 ab
Organic matter (%)
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Table 2.2.
Results of correlation analyses for metal concentrations (μg g-1 dw) within food chain compartments. Plant species, 
Urtica dioica; snail species, Cepaea nemoralis. Correlation coefficient (r) significant at * p<0.05, ** p<0.01 and
 *** p<0.001 level; ns=not significant. Soil, n=59; leaf, n=58; snail, n=40.
Metals Soil-soil Leaf-leaf Snail-snail
Test r Test r Test r
Cd- Cu Spearman 0.93*** Spearman 0.33* Pearson log-log 0.54***
Cd- Pb Spearman 0.94*** Spearman 0.64*** Pearson log-log 0.47**
Cd- Zn Spearman 0.97*** Spearman 0.43*** Pearson log-log 0.64***
Cu- Pb Spearman 0.95*** Spearman 0.11 ns Pearson log-log 0.10 ns
Cu- Zn Spearman 0.91*** Spearman 0.19 ns Pearson log-log 0.37*
Pb- Zn Spearman 0.95*** Spearman 0.25 ns Pearson log-log 0.58***
Fig. 2.2. Mean total metal concentrations (μg g-1 dw ± se) in the soils of the six research locations (Poll-1, n=24; other 
locations, n=7). Grey bars indicate polluted locations, black bars indicate reference locations. Lower case letters 
indicate multiple comparisons; bars with different letters are significantly different. Bold line (top): intervention value 
(see text) according to the Dutch environmental standards. Thin line (bottom):  target value (see text). Both values 
are corrected for organic matter and clay content per location. 
Leaf concentrations of the metals Zn, Cd and Pb differed significantly among 
locations, but no significant differences were detected for Cu (Fig. 2.3). In the leaves from 
Poll-4 and Poll-3 the highest concentrations were observed. The leaf concentrations at Poll-1 
and Poll-2 were mostly in the same range as the leaf metal concentrations at the reference 
locations. Cd leaf concentrations were positively correlated with those of the other metals 
(Table 2.2). The correlation coefficients varied between 0.33 and 0.64, and were lower 
than for the soil metal correlations. No significant correlations were found between leaf 
concentrations of Cu, Pb and Zn.  
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Fig. 2.3. Mean metal concentrations (μg g-1 dw ± se) in the leaves of Urtica dioica from six locations along a soil 
pollution gradient (Poll-1, n=24; Ref-2, n=6; other locations, n=7). Grey bars indicate polluted locations, black bars 
indicate reference locations. Lower case letters indicate multiple comparisons; bars with different letters are 
significantly different.
The total soft tissue metal concentrations in the snails also showed significant 
differences among locations for all metals (Fig. 2.4). In the snails from Poll-4 the highest Zn, 
Cu and Cd concentrations were observed. For lead, the snails from both Poll-4 and Poll-
2 showed the highest concentrations. The snail concentrations at the reference locations 
differed significantly from the polluted locations for Cd, and from Poll-2 and Poll-3 for Pb. 
The concentrations in the snails were higher than the concentrations in the leaves for 
Cd, Cu and Zn. The Pb concentrations in the snails were in the same range as the leaf Pb 
concentrations. 
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Fig. 2.4. Mean total soft tissue metal concentrations (μg g-1 dw ± se) in Cepaea nemoralis snails from six locations 
along a soil pollution gradient (Poll-1 and Ref-2, n=6; other locations, n=7). Grey bars indicate polluted locations, 
black bars indicate reference locations. Lower case letters indicate multiple comparisons; bars with different letters 
are significantly different.
All metal concentrations within the snail compartment were positively correlated, 
except for Cu-Pb (Table 2.2). The correlation coefficients varied between 0.37 and 0.64. If 
the different organs of the snails were considered separately, the digestive gland contained 
the highest amounts, about 80 %, of Zn, Cd and Pb. The Cu content was more evenly 
distributed over the snail’s body. The relationship between snail metal concentrations and 
snail dry weight was significant for Cd only (log Cd concentration versus log dry weight: 
p=0.036). However, the coefficient of determination was low (r2=0.11). 
2.3.3. Relationships between the food chain compartments
Metal concentrations in the leaf and soil compartment showed a positive relationship 
for Zn only (Table 2.3). The coefficient of determination was low (r2=0.20). The snail-leaf 
relationships were significantly positive for all metals. The r2 values varied between 0.19 and 
0.46. The relationships between the snail and the soil concentrations were significant, except 
for Cu. The coefficients of determination varied between 0.15 and 0.33.
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Table 2.3.
Results of regression analyses for metal concentrations (μg g-1 dw) between the leaf-soil (n=58), snail-leaf (n=40) 
and snail-soil (n=40) compartments. Plant species, Urtica dioica; snail species, Cepaea nemoralis. b, slope; a, intercept; 
r2, coefficient of determination. r2 significant at * p<0.05, ** p<0.01 and *** p<0.001 level; ns=not significant.  
Variables (y-x) b a r2
Leaf-soil 
log Zn leaf- Zn soil  0.0001 1.31 0.20***
log Cu leaf- Cu soil -0.0001 1.01 0.02 ns
log Pb leaf- Pb soil -0.0002 0.41 0.03 ns
Cd leaf- Cd soila ns
Snail-leaf 
log Zn snail- log Zn leaf 0.84 1.07 0.41***
Cu snail- Cu leaf 27.2 -141.1 0.39***
log Pb snail- log Pb leaf 0.52 0.17 0.19**
log Cd snail- log Cd leaf 8.22 0.78 0.46***
Snail-soil 
log Zn snail- log Zn soil 0.15 1.86 0.15*
log Cu snail- log Cu soil 0.10 1.83 0.04 ns
log Pb snail- log Pb soil 0.24 -0.14 0.17**
log Cd snail- log Cd soil 0.63 0.56 0.33***
a Regression assumptions were not met, and Spearman’s rank correlation coefficient was calculated.
2.4. Discussion 
  
2.4.1. Metal concentrations in food chain compartments 
Soil metal concentrations
The Biesbosch locations are polluted with heavy metals according to the Dutch standards 
(Fig. 2.2) (minVROM, 2000). The soil metal concentrations in the polluted locations were 
similar to earlier studies in the Biesbosch (Dirksz et al., 1990; Otte, 1991; Winkels and Vink, 
1993; Van Doornmalen et al., 1995; Van der Scheer and Gerritsen, 1998). The high correlation 
coefficients between all soil metal concentrations (Table 2.2) relate to the similar pollution 
history of the four investigated metals. Otte (1991) found the same for Cd, Cu, Zn and As in 
his research locations in the Biesbosch. 
Leaf metal concentrations
The Cu concentrations in the leaves of all locations compared fairly well with most reported 
values (Table 2.4). The Zn, Pb and Cd concentrations, however, were mostly much lower in 
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comparison with other studies. For Pb, this might partly be a consequence of the changed 
policy with regard to leaded fuel. The concentration of Pb in the environment has strongly 
decreased since the sale of leaded fuel has phased out (Migon et al., 1994). The sale of 
unleaded fuel started in the early 1980s. In the Netherlands, the sale of leaded fuel was 
banned in September 1996. Many studies shown in tables 2.4. and 2.5. were carried out 
before or during this policy change. In addition, the handling of plant samples prior to analysis 
may have influenced the metal concentrations measured. Both studies including leaves of 
Taraxacum sp. (Beeby and Eaves, 1983; Beeby and Richmond, 2002) showed concentrations 
of leaves that were not rinsed with demineralised water. In this way, metals deposited on the 
leaves were also included. The leaf concentrations measured around the Avonmouth smelter 
in the UK highly exceeded the leaf concentrations in the Biesbosch as well as in urban areas 
(Table 2.4). In summary, the leaf concentrations in the polluted locations were low. These 
low concentrations are expected not to affect the nettle populations. The nettle is a very 
abundant species in the Biesbosch, and no visual signs of metal toxicity were observed. 
Within the leaf compartment, the correlations including Cd were positive (Table 
2.2), whereas the correlations including Cu, Zn and Pb were not significant. Not only the 
pollution gradient itself can be held responsible for the observed results. Another important 
factor may be the regulation of the essential elements Cu and Zn (Bargagli, 1998). 
Snail metal concentrations
The ranges of metal concentrations in C. nemoralis from the polluted locations compare well 
with the concentrations in A. arbustorum from Poll-1 (Table 2.5). Compared with polluted 
locations from other studies, the Cu concentrations in Biesbosch snails were mostly in the 
same range (Table 2.5). This is also the case for Cd, although the upper range value was often 
higher than the maximum Biesbosch concentration. The Pb concentrations in snails from 
the polluted locations in this study were always much lower than values reported in other 
studies. For Zn, the variability in snail concentrations was large. 
The metal concentrations in C. nemoralis from the reference locations in the 
current study compare well with those measured in A. arbustorum from Ref-1, except for Cu. 
The Zn, Cu and Cd concentrations were also mostly in the same range as found in reference 
snails from other studies, whereas the Pb concentrations were much lower in our reference 
snails (Table 2.5). The comparison of concentrations between different species should be 
treated cautiously, as it is known that even within closely related species differences in metal 
accumulation and detoxification exist (Gomot and Pihan, 1997). The accumulation pattern 
over the different tissue parts was consistent with other studies (e.g. Coughtrey and Martin, 
1976; Dallinger and Wieser, 1984). 
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The concentrations in food at which sublethal effects were found in snails during 
short-term lab toxicity tests, were much higher than measured in the leaves of U. dioica in 
the Biesbosch (Laskowski and Hopkin, 1996b; Gomot, 1997; Gomot-De Vaufleury, 2000). 
Based on such findings, sublethal effects on the snails are not expected. But, the snails in 
the Biesbosch have been exposed to elevated leaf metal concentrations for their whole life. 
It might be possible that this chronic exposure has similar effects as short-term exposure 
to high concentrations. Metal concentrations measured in snail tissues after short-term 
exposure to considerably higher food concentrations, however, were much higher than the 
concentrations in the snails from the polluted Biesbosch locations (Dallinger and Wieser, 
1984).
 The concentrations of the different metals within the snail compartment were all 
positively correlated, except for Cu-Pb (Table 2.2). These results are mainly a consequence 
of the positive correlations within the soil and the leaf compartment, and the positive 
relationships between the snail-leaf and snail-soil compartments.
2.4.2. Soil-leaf metal transfer 
The leaf metal concentrations were low, and significant positive relationships between leaf 
and total soil metal concentrations were found for Zn only. The coefficient of determination, 
however, was low (r2=0.20). These results suggest a low transfer of metals from the soil to 
the leaf compartment in the selected food chain. 
Total soil concentrations, however, are known to be not a good predictor of metal 
bioavailability to plants (McLaughlin et al., 2000). Sauvé et al. (1996) showed that the free metal 
concentration in soils was a better predictor of Cu accumulation by plants than either total 
soil content or the soluble metal species. The free metal concentrations in the soil solution 
were highly determined by soil pH-H
2
O and total soil metal concentrations (Sauvé et al., 
1997; Ge et al., 2000). Ge et al. (2000) developed a set of equations that related the activities 
of Cu2+, Pb2+ and Zn2+ in the soil solution with total metal concentrations and pH. Total soil 
metal concentrations and pH values in the current experiment were mostly covered by the 
ranges at the locations sampled by Ge et al. (2000), and were substituted in their equations. 
The resulting free metal concentrations, calculated from the estimated activities, showed the 
same pattern as the gradient in total soil metal concentrations. This strongly suggests that 
also free metal concentrations are not a good predictor of the leaf metal concentrations in 
this study either. Only for Ref-2 there was a clear difference between the pattern of total 
soil metal concentrations and the estimated free metal concentrations, showing higher free 
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metal concentrations. This can be attributed to the significantly lower pH at Ref-2. Ge et al. 
(2000) also did not find significant relationships between the free metal pool and plant tissue 
concentrations. 
Hobbelen et al. (2004) measured low pore water metal concentrations in the soils 
of Poll-1 and Poll-2, and suggested this to be a consequence of the combination of a high pH 
and a high clay, organic and inorganic carbon content. Low pore water concentrations can 
be used as an indicator of low metal bioavailibility (Peijnenburg and Jager, 2003). This low 
bioavailabilty is suggested to be a main factor causing the low leaf metal concentrations in U. 
dioica in all Biesbosch locations. 
Although organic matter and clay content were high in general, the variation in 
these factors contributes to the variation in leaf metal concentrations observed among 
the locations. At Poll-1, both the organic matter and clay content were high, and this partly 
explains the low metal concentrations in the leaves. In contrast, the lower organic matter 
and clay content in Poll-4 can partly explain the higher leaf metal concentrations in this 
location. The high leaf concentrations in Poll-3 cannot be explained by the latter assertion, 
but besides the factors mentioned above, many other factors influence bioavailability 
(Salomons and Förstner, 1984; Morel, 1996). The role of pH in causing variation among the 
polluted locations is low, because the pH range of the polluted soils is narrow. However, 
the significantly lower pH at Ref-2 may be held responsible for the higher Zn and Pb leaf 
concentrations at this location. The differences with the leaf concentrations at Ref-1 are 
small though, and it seems that the pH effect at Ref-2 is mitigated by the high clay and organic 
matter content. 
The low leaf concentrations are probably also partly caused by a low translocation 
within the plant. Data from Poll-1 (July 2001, n=24) showed that the concentrations in the 
roots of stinging nettle greatly exceeded the concentrations in the leaves. A survey by Otte 
(1991), measuring total shoot concentrations, also showed this for both stinging nettle and 
other plant species in the Biesbosch floodplains. 
2.4.3. Leaf-snail metal transfer 
The elevated metal concentrations in the snails, and the positive relationships between the 
metal concentrations in C. nemoralis and the concentrations in the leaves of U. dioica indicate 
transfer of metals from the leaf to the snail compartment. The r2 values of the snail-leaf 
relationships are highest in comparison with the other routes investigated. This suggests 
that metal transfer from the diet is most important for C. nemoralis in the investigated food 
chain. 
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The Cu, Zn and Cd concentrations in the snails were always higher than the 
concentrations in the leaves, indicating bioaccumulation. The data of Beeby and Richmond 
(2002) also showed this for most of the locations studied. Williamson (1979) showed that 
the ratios between snail concentrations and the concentrations in the presumed diet varied 
within season. This will also be the case in the current research locations, but we expect 
that the snails show considerable bioaccumulation throughout the season because they are 
exposed to low leaf concentrations for a long time. For Pb, the total snail concentrations 
were in the same range as the leaf concentrations. In a study with Helix aspersa fed on 
polluted artificial food, Laskowski and Hopkin (1996a) found that Pb was the most efficiently 
regulated metal. The Pb concentrations in the faeces exceeded those in the food. 
It should be noted that U. dioica leaves are not the only natural food source, and 
thus metal source, for C. nemoralis snails. Nevertheless, both Grime et al. (1970) and Wolda 
et al. (1971) found that fresh U. dioica leaves are highly preferred by this species, and Iglesias 
and Castillejo (1999) found the same for H. aspersa. They propose that U. dioica is preferred 
because of its nutritional properties in combination with its abundant occurrence in their 
study area. Based on these findings, we assumed that this plant species is a major part of the 
diet of C. nemoralis in the selected locations. 
Beeby and Richmond (2002) showed positive relationships between replicate snail 
(H. aspersa) concentrations and mean vegetation (Taraxacum sp.) levels for Zn, Pb and Cd, 
but not for Cu. Their aim was to evaluate the use of H. aspersa as a sentinel for mapping 
pollution. This was not the aim for C. nemoralis in the current study. Based on the results 
though, it seems that at first view the species is a suitable candidate, but much more research 
should be carried out to confirm this. 
Within the snails, the soft tissue dry weights varied within a certain degree (0.31 
± 0.10 g). Only the Cd concentrations in the snails showed a positive relationship with dry 
weights. The coefficient of determination, however, was low, and it is assumed that this effect 
is of minor importance in the transfer of metals to the selected snails. 
2.4.4. Soil-snail metal transfer 
The positive relationships between snail and soil concentrations for Zn, Cd and Pb, suggest 
an additional transfer route to C. nemoralis, directly via the soil. These relationships, however, 
are not as strong as the snail-leaf relationships. Beeby and Richmond (2002) also found 
significant relationships between replicate snail (H. aspersa) concentrations and mean soil 
levels for these three metals. 
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Most snail species ingest soil (Gomot et al., 1989; Speiser, 2001), and it is suggested 
that it provides additional nutrients, mainly Ca, which stimulate growth (Gomot et al., 1989). 
The snails are also in direct contact with the soil during moving and egg laying (Gomot et al., 
1989; Heller, 2001). This epithelial route and soil ingestion both play a role in the transfer of 
metals from the soil to the snails (Cœurdassier et al., 2002). 
The bioavailable fraction of metals in soils for snails seems to be different from 
the bioavailable fraction for plants. Beeby and Richmond (2003) showed that there was no 
robust relationship between free Pb concentrations in the soil and snail Pb concentrations. 
Scheifler et al. (2003) showed that H. aspersa is able to access the non-labile Cd soil pool, 
which is usually thought to be non-bioavailable. The soil digestion procedure used in the 
current study is a measure for total metals in the soil, and thus also includes this non-labile 
pool.   
For Cu, there was no positive relationship between snail and soil metal 
concentrations. Beeby and Richmond (2002) also found no such relationship for H. aspersa. 
 2.4.5. Transfer of metals to predators
Many types of predators, including shrews, thrushes and carabid beetle larvae, include snails 
as part of their diet (Seifert et al., 1999; Gomot-de Vaufleury and Pihan, 2002). Therefore, 
metal polluted snails can play an important role in transferring metals to higher trophic 
levels. 
Seifert et al. (1999) measured an mean whole body Cd concentration of 6.3 µg g-1 
dw in common shrews (Sorex araneus) from a polluted area. The average Cd concentration in 
Helix pomatia from the same location was 7.6 µg g-1 dw.  The Cd concentrations in snails from 
the polluted locations in the current study are in general higher. Ma et al. (1991) measured 
Cd and Pb concentrations in the livers and kidneys of S. araneus in two polluted Dutch 
locations. They found that Cd kidney concentrations were above the critical level leading to 
subclinical symptoms at the most polluted location in the late season (range=126-200 µg g-1 
dw). The soil Cd concentration at this location was lower than in the polluted locations from 
the current study, although the soil was more acid. Both Seifert et al. (1999) and Ma et al. 
(1991) concluded that S. araneus is a species sensitive to metal accumulation, mainly because 
of its diet that also includes earthworms, and the high food intake. Based on these findings, it 
cannot be excluded that shrews from the polluted locations in the Biesbosch are at risk.  
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Scheifler et al. (2002) showed that contaminated H. aspersa snails represent a risk 
of secondary Cd poisoning to carabid beetle larvae (Chrysocarabus splendens). Cd transfer 
led to an increased mortality of larvae at Cd concentrations in the prey snails of over 200 
µg g-1 dw. This concentration is considerably higher than the Cd concentrations measured in 
the Biesbosch snails, and based on these results it seems that metal transfer from snails to 
carabid beetle larvae is not causing an increased risk in the polluted locations. 
For the polluted Biesbosch locations, no information is available on metal 
concentrations in snail predators. From the current investigation no robust prediction 
can be made of the transfer, and potential effects, of metals from snails to predators in the 
Biesbosch locations. 
2.5. Conclusions
The soils in the Biesbosch are polluted with Cu, Zn, Cd and Pb. The metal concentrations 
in U. dioica leaves are low, and do not reflect the concentrations in the total soil metal pool. 
The transfer of metals from the soil to the leaf compartment is not an important route 
in the selected food chain. In the snails, bioaccumulation of Cd, Cu and Zn is observed. 
Besides, all metal concentrations in C. nemoralis show a positive relationship with leaf metal 
concentrations. This suggests transfer of metals from U. dioica leaves to C. nemoralis snails. 
The snails also reflect the metal concentrations in the soil pollution gradient, but the data 
suggest that metal transfer from polluted leaves is more important than transfer from the 
soil. 
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Chapter 3
The landsnail Cepaea nemoralis regulates internal Cd 
levels when fed on Cd-enriched stinging nettle (Urtica 
dioica) leaves at low, field-relevant concentrations
With A.J.P. Oosthoek, J. Rozema and R. Aerts; 
Environmental Pollution (in press)
Abstract  
We studied Cd accumulation in Cepaea nemoralis snails at low, but field-relevant Cd 
concentrations in the diet (Urtica dioica leaves). Six treatments of U. dioica plants were grown, 
resulting in leaf Cd concentrations between 0 and 2.6 μg g-1 dw. Seven snails per treatment 
were fed for 38 days. Leaf Cd concentrations did not affect food consumption rates, and 
consequently Cd intake rates increased with increasing leaf concentrations. No differences 
were detected among treatments in the final soft tissue Cd concentrations and body 
burdens in the snails. Regression analyses showed no positive relationship between either 
snail Cd concentrations or body burdens and total Cd intake. This suggests a regulation 
of internal Cd concentrations at low food Cd concentrations. Our data suggest that Cd 
excretion via the mucus plays a substantial role in this regulation, in addition to Cd excretion 
via the faeces. Snail shells were no sinks for Cd.  
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3.1. Introduction  
Metal accumulation has been shown to occur in terrestrial isopods, earthworms and 
gastropods. These invertebrates are able to concentrate and store high amounts of Cd, 
Zn, Cu and Pb within their bodies (Dallinger, 1993). In snails, Cd is especially known as 
being highly accumulated (Berger et al., 1993; Dallinger, 1993; Dallinger et al., 1993). Most 
studies investigating Cd accumulation capacities of snails include a range of high metal 
concentrations, usually freshly added to the food. In addition, mostly artificial types of food 
are used, such as agar (Berger and Dallinger, 1989; Berger et al., 1993; Laskowski and Hopkin, 
1996a), vegetable flour (Gomot, 1997) or rodent food (Russell et al., 1981). Sometimes, 
lettuce leaves soaked in metal solutions were used (Dallinger and Wieser, 1984). With this 
kind of experiments, the potential of Cd accumulation by snails and the differences between 
species and metals can be assessed. Increasing soft tissue Cd levels were found at high, 
increasing food concentrations (Dallinger and Wieser, 1984; Berger and Dallinger, 1989; 
Berger et al., 1993; Laskowski and Hopkin, 1996a). These studies, however, do not assess 
the outcome of Cd accumulation at low, but field-relevant food concentrations. In addition, 
metal accumulation on artificial food might be overestimated, because the added metals are 
more bioavailable for the snails. On the other hand, these foods mostly have a more or less 
balanced nutrient composition (Laskowski and Hopkin, 1996a; Scheifler et al., 2002), likely 
resulting in decreased consumption in comparison with natural food (Speiser, 2001).
The accumulation of heavy metals in the snails’ body is the result of their limited 
ability to excrete these metals (Dallinger, 1993). Excretion can occur in the form of both 
solid and liquid faeces. The latter carries the risk of dehydration, and as a result snail faeces 
mainly consist of solid excretion products (Potts, 1967; Dallinger, 1993). Excretion via the 
mucus may be another option. Ireland (1979; 1988) showed metal excretion via the mucus in 
slugs. Hopkin (1989), however, stated that for terrestrial molluscs the contribution of metals 
excreted via the mucus is insignificant when compared with the contribution from faecal 
excretion. Another option of Cd removal from the snails’ soft tissues is the sequestration of 
metals in the shell. Beeby and Richmond (1989) suggested the shell to be a site of short-term 
disposal of Pb, whereas Newman et al. (1994) found shell Pb concentrations to be elevated in 
snail populations that were exposed to high Pb concentrations over many generations.
The aim of this study was to investigate Cd accumulation in snails at low, but field-
relevant Cd concentrations in natural snail food. This study was based on the situation 
in Biesbosch National Park in the Netherlands. In this area, Cepaea nemoralis Linnaeus 
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(Pulmonata) is abundant in stinging nettle (Urtica dioica; Urticaceae) dominated locations, and 
fresh nettle leaves are part of the snails’ diet (Grime et al., 1970; Wolda et al., 1971). The soils 
in the area are polluted with cadmium and other heavy metals. The Cd concentrations in 
nettle plants growing on these soils are, however, low. In July 2001, mean Cd concentrations 
in nettle leaves from four locations in this area varied between 0.01 and 0.20 μg g-1 dry 
weight (Notten et al., 2005). These low concentrations are hardly represented in metal 
accumulation studies. Lowest Cd treatments included were, for example, 10 and 50 μg g-1 in 
experiments from Russell et al. (1981) and Gomot (1997), respectively. Only Laskowski and 
Hopkin (1996a; 1996b) included an actual Cd food concentration of 0.28 μg g-1 dw. In the 
Biesbosch, snails accumulated Cd in their soft tissues, and we found a positive relationship 
between snail and nettle leaf Cd concentrations (Notten et al., 2005). 
We therefore hypothesize that field snails will accumulate Cd in their soft tissues 
at low, but field-relevant concentrations, and that internal snail Cd concentrations increase 
with increasing Cd concentrations in the food. To test this hypothesis, C. nemoralis snails 
from a reference location were fed with fresh U. dioica leaves enriched with Cd on nutrient 
solution with six nominal Cd treatments. 
3.2. Materials and methods
3.2.1. Preparation of the food 
Nettle plants were raised from seed  (Firma H. Ch. Schobbers bv, Venlo, the Netherlands), 
and seedlings were transferred to a modified Hoagland nutrient solution (pH 5.5) after 
six weeks. The plants were kept in a greenhouse (18 °C) with natural light from May 2002 
onwards. Twenty plants were grown for each treatment; five plants together in a 6 L basin. 
The basins were continuously aerated. The six nominal Cd treatments were 0; 0.05; 0.1; 0.2; 
0.4 and 0.8 μM CdS0
4 
(abbreviated as 0Cd; 0.05Cd etc). The Cd doses were first added one 
week after transferring the plants. The nutrient solutions were refreshed once a week. 
Two subsequent leaf samplings showed decreasing Cd concentrations in the course 
of time (data not shown). To reduce this dilution, the strength of the nutrient solution was 
decreased 5 times one week before the start of the feeding experiment. Cd concentrations 
were not changed. Eight weeks after transferring the plants to nutrient solution, the 
feeding experiment was started (total growing time: 14 weeks). No growth or other plant 
performance measurements were taken.
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3.2.2. Snail feeding experiment
Seven adult C. nemoralis snails were used for each treatment. In a climate-controlled room (16 
°C; 75 % RH; 12 h L: 12 h D), each snail was kept separately in a 500 mL circular transparent 
box with a perforated lid. A piece of synthetic sponge moistened with distilled water was 
added to ensure higher air humidity within the boxes. The experiment was terminated after 
an exposure period of 38 days, during which eight meals were supplied.  
The snails were sampled at a nettle-dominated location in the Netherlands in August 
2002 (52°28’ N, 5°26’ E).  Earlier, we found low Cd concentrations in soil, U. dioica leaves 
and C. nemoralis in this location in comparison with the concentrations in the Biesbosch 
area (Notten et al., 2005, location Ref-1). The snails were of equal size (mean height 16.6 
mm; mean width 13.3 mm), and had a clear black ‘lip’ at the mouth of their shells, indicating 
adulthood (Williamson, 1976). Seven snails were sampled and dissected at the same day as a 
control for the field situation.
For each meal, U. dioica leaves were harvested from the bottom, middle and top 
section of at least 1 plant per basin per treatment. From the top section a double amount 
of leaves was harvested because these leaves were smaller. The fresh leaves were cut into 
pieces of about 2 cm2, and mixed thoroughly. Ten batches of equal weight were prepared for 
each treatment, of which seven were fed to each of the snails. The remaining three batches 
were used to determine the average Cd concentration of the leaves per meal. One of these 
batches was also used to determine the fresh weight (fw): dry weight (dw) ratio (dried at 60 
°C, 4 d). The food was replaced when withered or nearly finished. This resulted in different 
feeding durations per meal (Table 3.1). At each feeding day, the snails were put in clean boxes 
with clean, moist sponges. The remaining food as well as the faeces were collected, dried (60 
°C, 4 d) and weighed. 
To prevent a possible lack of Ca and possible effects of this on the behaviour of 
the snails, we added a slice of agar (1 %) with CaCO
3
 (5 %) during the 5th meal. Analysis 
afterwards did not detect Cd in the agar powder. 
During the 5th meal, the snails consumed pieces of the sponges, and these were 
immediately removed. Metal analyses showed a Cd concentration of 35 ng g-1 dw in the 
sponges, and the intake of sponge material was low. Therefore, we assumed that the influence 
of the sponges on Cd intake and accumulation in the snails was negligible, and the data were 
not corrected for Cd intake from the sponges. 
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Table 3.1. Cumulative feeding duration (d), amount of food offered (range fresh weights (g) across treatments) and 
mean (n=6) fw:dw ratio (± se) per meal in the feeding experiment with Cepaea nemoralis fed on fresh, Cd-enriched 
Urtica dioica leaves for 38 days.  
Meal 
number 
Cumulative 
feeding duration
Amount of 
food 
Fw:dw ratio
1 3 0.7-1.0 4.98 (0.2)
2 6 ± 0.7 4.79 (0.1)
3 10 ± 0.9 4.77 (0.1)
4 14 ± 1.0 4.70 (0.04)
5 21 ± 1.3 4.75 (0.2)
6 27 ± 1.2 4.42 (0.08)
7 34 0.9-1.2 4.36 (0.09)
8 38 0.7-0.8 3.98 (0.1)
3.2.3 Metal analyses  
All dried and ground plant samples, as well as agar and sponge samples, were digested in 4:1 
HNO
3 
(65 %): HCl (37 %) at 140 °C for 7 hours. 
At the end of the experiment, the snails were kept for two days without food to 
empty their gut, and subsequently were dissected into shell, digestive gland and remaining 
tissue. The field control snails were dissected in a similar way. The dried (60 °C, 4 d) soft 
tissue parts were digested in HNO
3 
(70 %) at 140 ˚C for 7 hours. The cleaned and dried 
shells of the field control snails, the 0Cd and 0.8Cd snails were entirely digested by slowly 
adding HNO
3
 (70 %), and heated for 7 hours at 140 °C. The shells of the other treatments 
were not analysed. 
Faeces of the 0Cd and 0.8Cd treatments were digested separately per meal, per 
snail in 7:1 HNO
3
 (65 %): HClO
4 
(70 %). The samples were heated for about 4.5 hours in 
several steps to 180 °C until all acids had evaporated. Prior to metal analyses, the samples 
were diluted with 0.1 M HNO
3 
(70 %) in double distilled water. Faeces of the treatments 
0.05Cd up to 0.4Cd were pooled per snail over all eight meals. The entire amount was 
digested in 4:1 HNO
3 
(65 %): HCl (37 %) at 140 °C for 7 hours. 
Olive leaves reference material (CRM 062) was used with plant, sponge and agar 
analyses. Cd recovery was within the range of certified values. Bovine liver reference 
material (CRM 185) was used with snail and faeces analyses. The results deviated maximally 
15 % from the range of certified values.  For the analyses of snail shells we used olive leaves 
reference material; the recovery deviated 33 % from the certified values. All digestion 
procedures included 3 control blanks. All Cd analyses were performed on a Perkin Elmer 
Graphite Furnace AAS (2100 with HGA 700). No special settings were used for the shell 
measurements. 
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3.2.4. Mucus experiment 
The mucus experiment aimed at investigating the possibility of Cd excretion via the mucus. 
The results were partly used to estimate the contribution of Cd excretion via the mucus 
to the total Cd excretion of the snails in the feeding experiment. It was carried out after 
the feeding experiment had finished. Five adult C. nemoralis were sampled at three locations 
with different degrees of metal pollution. These locations included the reference location 
described above; a low-polluted location (LP) situated in Biesbosch National Park; and 
a highly polluted location (HP) close to a zinc smelter in Overpelt, Belgium. Mean Cd 
concentrations (± se) in C. nemoralis measured in these locations earlier were 3.4 (0.6) and 
37 (4.1) μg g-1 dw in July 2001, and 94 (4.1) μg g-1 dw in July 2003, respectively (Notten et 
al., 2005, LP corresponds to location Poll-4; Notten et al., unpublished data, see chapter 5). 
The snails were sampled in May 2004, and kept in a greenhouse (18 °C) with natural light 
on native soil and food. 
The experiment was carried out in a climate-controlled room (18 °C; 75 % RH; 16 
h L: 8 h D). Each snail was kept separately in a moist, cylindrical plastic pot (60 mL), covered 
with a nylon mesh. The pots were kept in a transparent box with moist tissues on the 
bottom. The experiment lasted 46 hours. During the last two hours the pots were opened, 
increasing the snails’ activity. They were replaced at the bottom if they tended to escape. 
During this time, the snails received a piece of native food (U. dioica leaves). 
The mucus in the pots was dissolved in 10 mL 10 % HNO
3
 by means of continuous 
shaking for 1 hour. The solutions were transferred to Pyrex tubes, and these were placed in 
containers filled with hot sand (about 120 °C) in order to evaporate. Before metal analyses, 
1 mL of 0.1 M HNO
3
 (70 %) was added to the tubes. Cd analyses were performed on 
a Perkin Elmer Graphite Furnace AAS (2100 with HGA 700). Three control blanks were 
included during the entire procedure. The sample of one LP snail was not included, because 
it had not been active during the last two hours of the experiment. The nylon mesh used to 
cover the pots was not included in any analysis. 
3.2.5 Calculations and statistical analyses 
Leaf consumption, per snail per meal on a dry weight basis, was calculated from the initial 
fresh weight of the meal, the dry weight of the remaining meal and the fw:dw ratio (analogous 
to Berger et al., 1993). All six measurements, one per treatment, of the fw:dw ratio per meal 
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were averaged (Table 3.1). Cd intake was calculated by multiplying leaf consumption by the 
mean (n=3) Cd concentration of the meal. Total food assimilation efficiency (FAE) (%) was 
calculated as: 
   (Equation 1)
in which ‘total food in’= total U. dioica leaf consumption (g), and ‘total faeces out’= total 
amount of faeces excreted (g), both concerning the entire feeding period (38 days).  
Both leaf consumption (mg) and Cd intake (ng) were expressed per gram snail 
fresh weight per day. Consumption and intake rates were calculated for the periods before 
(meals 1-4) and after (meals 5-8) the Ca-supplement, as well as for the entire feeding period 
(meals 1-8). One snail of the 0.8Cd treatment showed no consumption at all during the 
experiment, and was excluded from all analyses. Cadmium was detected in meal 7 of the 0Cd 
treatment. The Cd concentrations in the remaining leaf parts of the separate batches were 
analysed, and in two cases the concentrations exceeded the Cd detection limit of 0.1 μg L-1. 
The corresponding Cd intake (snails 1 and 2, see Table 3.2.) was very low (3-4 ng), and we 
assumed that this uptake did not highly influence the experiment. 
The total internal Cd concentrations and body burdens of the snails were calculated 
from the concentrations and dry weights of the two soft tissue parts. These could not be 
calculated for three specimens, because some soft tissue parts were lost during the digestion 
procedure (0.2Cd, n=2; 0.8Cd, n=1). 
Cd excretion efficiency via the faeces (FEE) in the five Cd addition treatments 
was calculated including a correction for the mean Cd excreted via the faeces in the 
0Cd treatment (5.6 ng). This value did not include data of the two snails that ingested 
contaminated leaves during the 7th meal. Thus, FEE (%) per snail was calculated as: 
    (Equation 2)
in which ‘total Cd faeces’= total Cd content in the faeces (ng), and ‘total Cd in’= total Cd 
intake from U. dioica leaves (ng), both regarding the entire feeding period. 
The results of the mucus experiment of the LP snails were used to estimate Cd 
excretion via the mucus for the snails of the 0.1Cd and 0.2Cd treatments of the feeding 
experiment. The concentrations in the nettle leaves fed to the snails of both treatments 
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(about 0.2 µg g-1 dw, see Fig. 3.1.) were similar to the mean concentration in nettle leaves 
from the low-polluted location (LP) in the Biesbosch in July 2001 and July 2003 (Notten et 
al., 2005; Notten et al., unpublished data). Cd excretion efficiency via the mucus (MEE) (%) 
was estimated as: 
     (Equation 3)
 
with ‘total Cd mucus’= total Cd content in the mucus (ng), corresponding to the mean 
Cd content in the mucus from LP snails calculated for the entire duration of the feeding 
experiment (38.5 ng, see Table 3.3). ‘Total Cd in’= total Cd intake from U. dioica leaves (ng) 
concerning the entire feeding period. The total of FEE and MEE yielded an estimation of the 
total excretion efficiency (TEE) (%) of the snails in the 0.1Cd and 0.2Cd treatments. 
Data were tested for normality with a Kolmogorov-Smirnov test, and for 
homoscedasticity by means of Levene’s test. The leaf concentration data mainly served 
to calculate Cd intake, and no statistical tests were carried out. Paired t-tests before and 
after the Ca-supplement per treatment for consumption and Cd intake rates only showed 
significant differences between both periods for Cd intake rates of the 0.1Cd and the 0.8Cd 
treatments. These were no consistent differences, and therefore we assumed that the Ca-
supplement did not highly influence the experiment. The data further reported and tested 
are total consumption and intake rates calculated for the entire feeding period. Differences 
among treatments for total consumption rate were tested with one-way ANOVA, followed 
by Tukey’s multiple comparisons test including a correction for unequal group size (0.8Cd, 
n=6; other treatments, n=7) (Zar, 1984). Differences among treatments for total Cd intake 
rate were analysed with a Kruskal-Wallis test with tied ranks, and subsequently non-
parametric multiple comparison testing including a standard error corrected for ties and 
unequal group size (0.8Cd, n=6; other treatments, n=7) (Zar, 1984). All statistical analyses of 
the snail data were carried out on log(x+1) transformed data, in order to improve statistical 
assumptions. Differences among treatments for total snail Cd concentrations and body 
burdens were analysed with one-way ANOVA (0.2Cd and 0.8Cd, n=5; other treatments, 
n=7). To investigate the relationship between Cd concentrations or body burdens in the 
snails and Cd intake from U. dioica leaves, regression analyses were carried out. 
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3.3. Results
3.3.1. Cd concentrations in U. dioica leaves 
Cd concentrations in the nettle leaves increased with increasing nominal Cd concentrations 
in the nutrient solution (Fig. 3.1). In general, Cd concentrations in the leaves decreased with 
exposure time. This was most evident in the 0.4Cd and 0.8Cd treatments (Fig. 3.1). The 
concentrations in the 0.8Cd treatment were in the same range as in the 0.4Cd treatment 
from the 4th meal onwards. The average fw:dw ratio declined from 4.98 to 3.98 during the 
entire feeding period (Table 3.1). 
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Fig. 3.1. Mean (+se) Cd concentrations (µg g-1 dw) in eight meals of Urtica dioica leaves (n=3) used to feed Cepaea 
nemoralis in the accompanying feeding experiment. Leaves were sampled from U. dioica plants grown on nutrient 
solution with six nominal Cd levels (0; 0.05; 0.1; 0.2; 0.4 and 0.8 µM CdSO
4
, in figure: 0Cd; 0.05Cd etc). The dotted 
line indicates the highest mean Cd concentration in U. dioica leaves measured in Biesbosch National Park, the 
Netherlands, in July 2001 (Notten et al., 2005). 
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3.3.2. Consumption and Cd intake rates
Leaf consumption rates were similar among treatments, varying between 5 and 10 mg g-1 
fw snail d-1, although there was a significantly lower consumption in the 0.8Cd treatment 
compared to the 0.05Cd treatment (one-way ANOVA, p=0.041) (Fig. 3.2). Food assimilation 
efficiencies (FAE, equation 1) were similar within and among treatments; means per 
treatment ranged between 75 and 80 % (data not shown). 
Cd intake rates showed a significant increase with increasing nominal Cd 
concentrations in the nutrient solution (Kruskal-Wallis, p=0.000) (Fig. 3.2).
Fig. 3.2. Mean (±se) leaf consumption rates (mg g-1 fw snail d-1; dark grey bars) and mean (±se) Cd intake rates (ng 
g-1 fw snail d-1; light grey bars) of Cepaea nemoralis fed for 38 days on leaves of Urtica dioica plants exposed to six 
nominal Cd treatments (0; 0.05; 0.1; 0.2; 0.4 and 0.8 µM CdSO
4
, in figure: 0Cd; 0.05Cd etc). Treatment 0.8Cd, n=6; 
other treatments, n=7. Lower case letters indicate multiple comparisons among treatments for consumption rate 
or Cd intake rate; bars with different letters are significantly different. 
 
3.3.3. Snail Cd concentrations and body burdens 
There were no significant differences in snail Cd concentrations and body burdens among the 
six treatments (one-way ANOVA, p=0.244 and p=0.142, respectively) (Fig. 3.3). The variances 
were high, but similar among treatments except for the 0.2Cd treatment. Regression analyses 
showed no significant relationships between either snail Cd concentrations or body burdens 
and Cd intake (p=0.202, r2= 0.045 and p=0.221, r2=0.041, respectively). The mean (± se) Cd 
concentration in the field control snails was 2.1 (0.5) μg g-1 dw, corresponding to a mean (± 
se) body burden of 0.68 (0.18) µg Cd.
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Fig. 3.3. Mean (±se) Cd concentrations (µg g-1 dw; dark grey bars) and mean (±se) Cd body burdens (µg; light 
grey bars) in Cepaea nemoralis after feeding for 38 days on leaves of Urtica dioica plants exposed to six nominal 
Cd treatments (0; 0.05; 0.1; 0.2; 0.4 and 0.8 µM CdSO
4
, in figure: 0Cd; 0.05Cd etc). Treatments 0.2Cd and 0.8Cd, 
n=5; other treatments, n=7. Lower case letters indicate multiple comparisons among treatments for snail Cd 
concentrations or Cd body burdens; no significant differences were detected among treatments for both 
variables.
3.3.4. Cd in snail faeces, mucus and shells    
Cd was excreted via the faeces in all treatments, including the 0Cd treatment (Table 3.2). 
The separate (per snail, per meal) faeces contents of the 0Cd and the 0.8Cd treatments 
showed no trend with exposure time (data not shown). Cd contents in the faeces were 
highly variable within treatments (Table 3.2). The highest contents were found in the 0.8Cd 
treatment. The values for the 0.2Cd and 0.4Cd treatments were lower and in the same 
range. The lowest contents were found in the 0.05Cd and 0.1Cd treatments. Expressed in 
FEE (equation 2), the variability within treatments was still high (Table 3.2). In general FEE 
were low; maximally 32 % of ingested Cd was excreted via the faeces. The highest FEE were 
found in the 0.1Cd and 0.2Cd treatments, whereas FEE were generally lowest in the 0.4Cd 
and 0.8Cd treatments. 
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Table 3.2. Cd intake (ng) from U. dioica leaves and Cd content (ng) in the faeces (‘Cd faeces’) of Cepaea nemoralis 
after 38 days exposure to six nominal Cd treatments of Cd-enriched Urtica dioica leaves (see Fig. 3.1). Faeces 
excretion efficiency (FEE) (%) is calculated from equation 2 (see text). Neg=negative FEE. Cd content (ng) in the 
mucus (‘Cd mucus’) for the 0.1Cd and 0.2Cd treatments is estimated from the mean result of the LP location in 
the mucus experiment (see Table 3.3). Mucus excretion efficiency (MEE) (%) is calculated for the 0.1Cd and 0.2Cd 
treatments from equation 3 (see text). Total excretion efficiency (TEE) (%) = FEE+MEE. 
Treatment Snail no. Cd intake
(ng)
Cd faeces 
(ng)
FEE (%) Cd mucus 
(ng)
MEE (%) TEE (%)
0Cd 1 4 9
2 3 6
3 0 2
4 0 7
5 0 3
6 0 4
7 0 12
0.05Cd 8 14 19 96
9 13 5 neg
10 16 3 neg
11 15 8 16
12 18 9 18
13 14 39 237
14 16 7 6
0.1Cd 15 67 11 8 38.5 57 65
16 30 0 a neg 38.5 127 -
17 67 27 32 38.5 58 90
18 65 8 4 38.5 59 63
19 60 15 16 38.5 64 80
20 59 9 6 38.5 65 71
21 81 13 10 38.5 48 58
0.2Cd 22 137 26 15 38.5 28 43
23 124 45 32 38.5 31 63
24 136 36 23 38.5 28 51
25 104 35 28 38.5 37 65
26 164 22 10 38.5 24 34
27 132 19 10 38.5 29 39
28 104 28 21 38.5 37 58
0.4Cd 29 409 24 4
30 461 44 8
31 510 34 6
32 337 35 9
33 230 16 5
34 392 35 7
35 319 40 11
0.8Cd 36 654 84 12
38 429 39 8
39 959 88 9
40 642 50 7
41 238 5 neg
42 602 43 6
a Cd concentrations in faeces were below detection limit; Cd content was assigned value 0.
Cd concentrations in the mucus samples of the snails from the reference location 
were below or close to the detection limit for Cd (0.1 μg L-1). Cd contents in the mucus 
of LP and HP snails after 46 hours ranged between 0.48-4.63 ng and between 0.62-6.96 
ng, respectively (Table 3.3). If expressed in total Cd excreted in 38 days (912 hours), these 
ranges were 9.5-91.8 ng (mean: 38.5 ng) and 12.3-138.1 ng (mean: 50.7 ng) for LP and HP, 
64 65 Chapter 3 - Leaf-snail Cd transfer
respectively (Table 3.3). The mean mucus content of LP snails was used to estimate MEE 
(equation 3) in the 0.1Cd and 0.2Cd treatments (Table 3.2). MEE were higher than FEE for 
the 0.1Cd treatment, and similar for the 0.2Cd treatment. One snail of the 0.1Cd treatment 
had a low Cd intake causing the corresponding MEE to exceed 100 % (Table 3.2, snail 16). 
For the other snails in the two treatments 24-65 % of ingested Cd was excreted via the 
mucus. The range of total excretion efficiencies (TEE) for these snails was 34-90 %. 
Only in three shells of the field control snails Cd was measured (range: 1.2-1.8 ng 
g-1 dw). No Cd was detected in snail shells from the 0Cd and 0.8Cd treatments.
Table 3.3. Cd content (ng) in the mucus of Cepaea nemoralis from a low-polluted location in Biesbosch National Park 
(LP) and a highly polluted location near a Zn-smelter in Overpelt, Belgium (HP) after 46 hours, and calculated for a 
total experimental period of 38 days (912 h). 
Snail 46 hours 38 days
LP-a 4.63 91.8
LP-b 0.48 9.5
LP-c 1.60 31.8
LP-e 1.05 20.9
Mean 1.94 38.5
HP-a 2.37 47.0
HP-b 1.91 37.8
HP-c 6.96 138.1
HP-d 0.92 18.2
HP-e 0.62 12.3
Mean 2.56 50.7
3.4. Discussion 
3.4.1. Cd concentrations in nettle leaves
The range of actual leaf concentrations in the three lowest Cd addition treatments included 
the range of Cd concentrations (range means: 0.01-0.2 µg g-1 dw) measured in U. dioica 
leaves in an earlier field study in Biesbosch National Park (Fig. 3.1) (Notten et al., 2005). 
Consequently, a range of low, but field-relevant Cd concentrations in the food was offered 
to C. nemoralis. Leaf concentrations in the meals of the 0.4Cd and 0.8Cd treatments were 
higher than the field concentrations, despite the dilution of leaf concentrations (Fig. 3.1). It 
is known that plant metal concentrations in the field vary in time and space (Martin and 
Coughtrey, 1982). The variations in leaf Cd concentrations within treatments simulate these 
field conditions. The decline of average fw:dw ratio in the course of time is suggested to be 
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due to the ageing of the plants (Table 3.1). From observations in the field (M. Notten) it is 
known that big nettle plants are tougher than juvenile specimens.
3.4.2. Consumption rates
The only significant difference in leaf consumption rates, between the 0.05Cd and 0.8Cd 
treatments, was not in line with the pattern in leaf concentrations (Fig. 3.2). Hence, snails 
showed no avoidance against nettle leaves at the established range of Cd concentrations. 
Decreased consumption rates were observed at Cd food concentrations of about 100 μg 
g-1 dw and upwards (Russell et al., 1981; Laskowski and Hopkin, 1996b; Gomot, 1997). These 
concentrations are much higher than the current ones, and explain the lack of a clear effect 
on consumption rates in our experiment. 
Consumption rates in the current study were similar to those found by Laskowski 
and Hopkin (1996a) (range: 8-10 mg g-1 fw snail d-1) on agar-based food. It is, however, difficult 
to compare consumption rates from our study with values found in the literature. Not only 
the type of food differs, but also experimental conditions such as temperature and relative 
humidity, as well as snail species and developmental phase, all influencing consumption rates 
(Richardson, 1975; Williamson, 1975; Williamson and Cameron, 1976; Staikou and Lazaridou-
Dimitriadou, 1989; Laskowski and Hopkin, 1996b; Gomot, 1997).  The observed range of 
food assimilation efficiencies (75-80 %) was also in line with results derived on agar-based 
food (Berger and Dallinger, 1989, mean: 75 %; Laskowski and Hopkin, 1996a, mean: 74 %). 
Reported consumption rates vary greatly, but at high food concentrations the results mostly 
showed metal accumulation in snail tissues (Dallinger and Wieser, 1984; Berger and Dallinger, 
1989; Berger et al., 1993; Laskowski and Hopkin, 1996a). In general, it appears that the range 
of food concentrations is more important for the outcome of metal accumulation in snails 
than the type of food offered. 
3.4.3. Snail Cd concentrations and body burdens
The patterns in snail Cd concentrations and body burdens among the treatments are 
similar due to the narrow range of snail sizes (Fig. 3.3). Two snails with remarkable high Cd 
concentrations (6.1 and 5.1 µg g-1 dw, corresponding to 2.9 and 2.2 µg, respectively) cause 
the high mean value of the 0.2Cd treatment (Fig. 3.3). Excluding these snails yields a mean 
Cd concentration (±se) of 1.46 (0.73) µg g-1 dw and a mean body burden (±se) of 0.58 (0.61) 
66 67 Chapter 3 - Leaf-snail Cd transfer
µg Cd for the 0.2Cd treatment, which is similar to the other treatments. The high variance 
in final snail concentrations is suggested to be due to the use of field snails. The variance in 
concentrations measured in the field control snails is similar. 
No significant differences were found among treatments for snail Cd 
concentrations and body burdens, whereas Cd intake rates clearly increased with increasing 
Cd concentrations in the food (Fig. 3.2). These results are not in agreement with our 
hypothesis. We did not find significant relationships between either snail Cd concentrations 
or body burdens and total Cd intake. Total Cd intake was on average 2, 9, 19, 56 and 76 % 
of the mean Cd body burden in the field control snails for the 0.05, 0.1, 0.2, 0.4 and 0.8Cd 
treatments, respectively. If this intake actually accumulated in the snails, it should have been 
distinguishable from the initial Cd content of the snails, especially at high Cd treatments. In 
addition, snail body burdens after 38 days were generally lower or similar to the mean Cd 
body burden in the field control snails (0.68 µg) (Fig. 3.3). These results suggest a regulation 
of internal Cd levels in C. nemoralis at low Cd concentrations in the food. Laskowski and 
Hopkin (1996a) already suggested a regulation of Cd levels in Helix aspersa fed on food with 
Cd concentrations of 0.28 μg g-1 for four months. The results of faeces, mucus and shell Cd 
analyses can aid in explaining the mechanism of the suggested regulation. 
High snail body burdens can be a result of low faeces excretion efficiencies. FEE 
were indeed lower in the 0.4Cd and 0.8Cd treatments that had somewhat higher snail 
body burdens (Table 3.2). The opposite holds for the 0.1Cd treatment, and for the 0.2Cd 
treatment if the two ‘outlier’ snails were not taken into account. These two snails had the 
highest FEE and the highest snail body burdens of the 0.2Cd treatment (Table 3.2, snail 23 
and 25). This strongly suggests that the high final Cd concentrations in both snails were due 
to a high initial Cd content. If excretion via the faeces was the only excretion mechanism 
explaining the suggested regulation, the faeces excretion efficiencies should be high. The 
results, however, show low FEE. Laskowski and Hopkin (1996a) found Cd accumulation 
in Helix aspersa at FEE that were generally higher than in the current experiment (range 
28-32 %). Cd excretion via the faeces cannot fully explain the suggested regulation of Cd 
concentrations in the snails’ soft tissues. 
The mucus experiment showed that Cd excretion via the mucus is another route 
of Cd excretion. This was also shown for manganese and silver in slugs (Ireland, 1979; 1988). 
In addition, it shows that Cd concentrations in the mucus increase at increasing degree of 
pollution (Table 3.3). The contribution of Cd excretion via the mucus is similar or larger than 
the contribution of faeces excretion (Table 3.2). Cd excretion via the mucus, thus, forms a 
substantial part of the suggested regulation of internal Cd concentrations. 
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Although the feeding and mucus experiment were not conducted under the same 
circumstances, we feel that the observed range in mucus concentrations, which is a reflection 
of variation in the activity of the snails, is a suitable measure to assess the contribution of 
Cd excretion via the mucus. The similarity between the leaf concentrations in the 0.1Cd 
and 0.2Cd treatments in the current experiment and the leaf concentrations in LP from 
the mucus experiment is the basis for the connection of both experiments. If this would be 
based on the internal Cd concentrations of the snails in both experiments, all treatments 
in the feeding experiment should have been coupled with the results of the reference snails 
from the mucus experiment. In that case, the contribution of Cd excretion via the mucus 
would be negligible. 
 Cd excretion via faecal fluids may be another possibility of Cd removal, but it is not 
known if Cd is actually excreted in a liquid form. It is expected that this contribution is very 
low, because liquid excretion products are only minimally excreted to prevent dehydration 
(Potts, 1967; Dallinger, 1993). 
The results of shell Cd analyses showed that these were no sinks for Cd. Laskowski 
and Hopkin (1996a) also showed very low Cd concentrations in the shells in comparison 
with soft tissue concentrations. Our finding is in contrast with the suggestion of Beeby and 
Richmond (1989) that shells may serve as a short-term Pb sink. On the contrary, Newman 
et al. (1994) suggested that Pb sequestration in shells was only elevated in H. aspersa field 
populations with a long exposure to high Pb concentrations. From this point of view, a Cd 
sink in the shells of the experimental snails was not to be expected. 
3.4.4. Regulation at low concentrations
The results of the current experiment cannot provide a closed budget for C. nemoralis 
exposed to low Cd concentrations in the diet. Laskowski and Hopkin (1996a) found no 
increase in snail Cd concentrations after four months exposure to food Cd concentrations 
of 0.28 µg g-1. Based on this finding, we suggest that the proposed regulation at food 
concentrations of the 0.1Cd and 0.2 Cd treatments functions on a long-term also.
We suggest that the regulation is effective in low-contaminated snails exposed to 
low concentrations, because ingested Cd is not firmly bound in the snails major storage 
organ; the digestive gland (Dallinger et al., 2001). The synthesis of Cd-binding metallothionein 
is induced in snails exposed to high Cd concentrations in their diet, and the snails have 
an elevated ability to bind Cd (Dallinger, 1993; 1996; Dallinger et al., 1997). The linear 
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relationship between metallothionein concentrations and Cd concentrations in the digestive 
gland of Helix pomatia was found at Cd food concentrations between 3.5 and 955 μg g-1 dw 
(Dallinger et al., 1997). The food and digestive gland (data not shown) concentrations in 
the current experiment are lower than the ranges in Dallinger et al. (1997), and synthesis 
of metallothionein is not induced. Thus, the ingested Cd is not firmly bound, and can be 
excreted via the faeces and the mucus.
The contribution of Cd excretion via the mucus cannot be estimated for the snails 
of the 0.4 and 0.8Cd treatments, and this hampers the making of predictions about the 
functioning of the proposed regulation for these snails. The snail concentrations of the 0.4Cd 
and 0.8Cd treatments show a trend of increasing body burdens compared to the other Cd 
addition treatments (Fig. 3.3). Even at low concentrations, duration of exposure is likely to be 
an important factor in the outcome of the regulation. An exposure time exceeding 38 days 
could have caused more clear differences between the treatments. 
3.4.5. Comparison with the field situation
The mean Cd concentration in the field control snails was in the same range as measured 
in snails from the same location in the field study in July 2001 (Notten et al., 2005). Mean 
Cd concentrations in adult snails from the polluted locations in that study ranged from 12 
to 37 μg g-1 dw. The concentrations measured in the current experiment were much lower. 
The field snails, however, were exposed to variable Cd concentrations for a much longer 
time. Besides, these snails were not only exposed to Cd in U. dioica leaves, but to various 
metals in different plant species and the soil (Notten et al., 2005). In addition, interactions 
between metals and/or other elements (e.g. Ca) can have an additive effect on Cd intake and 
assimilation in the body (Beeby, 1991; Dallinger et al., 2001). The concentrations of metals in 
the field vary spatially as well as temporally (Martin and Coughtrey, 1982). We assume that 
the sum of these factors causes higher tissue levels in field snails even at low concentrations, 
and results in a positive relationship between snail Cd concentrations and U. dioica leaf 
concentrations.
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3.5. Conclusions
This experiment did not show Cd accumulation in C. nemoralis snails fed for 38 days on U. 
dioica leaves with a range of low, but field-relevant Cd concentrations. The results suggest 
that C. nemoralis is able to regulate internal Cd concentrations at low Cd concentrations 
in the food. Cd excretion via the faeces only partially explains the suggested regulation. 
Our data suggest that Cd excretion via the mucus plays a substantial role in the suggested 
regulation. Snail shells were no sinks for Cd. 
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Chapter 4
Investigating the origin of Pb pollution in a terrestrial 
soil-plant-snail food chain by means of Pb isotope ratios
With N. Walraven, K. Beets, P. Vroon, J. Rozema and R. Aerts;
submitted
Abstract 
We used Pb isotope ratios to trace the origin of Pb in a soil-plant (Urtica dioica)-snail 
(Cepaea nemoralis) food chain in two polluted locations in the Biesbosch floodplains and one 
reference location in the Netherlands. It was expected that in the Biesbosch, which is known 
for its highly polluted sediments due to high river metal loads in the 1960s and 1970s, mainly 
anthropogenic Pb from the soil was contributing to the Pb pollution in plant leaves and snails. 
Other Pb origins possibly contributing could be natural and atmospheric Pb. In the reference 
location, which has low soil Pb concentrations and is not situated in a floodplain area, a 
different mixture of Pb origins was expected. Pb isotope ratios were determined in soil, litter, 
plant leaves and snails, as well as in rainwater and airborne particulate matter to characterize 
the Pb isotope composition of atmospheric Pb pollution. Anthropogenic Pb in Biesbosch 
soils (88-95 % of total Pb) and in the reference location (about 50 % of total Pb) was derived 
from deposition of Pb polluted river sediments. Discharging rivers influenced the reference 
location before being reclaimed from the sea. The river sediment contains anthropogenic 
Pb from various sources related to industrial activities in the hinterland of the rivers Meuse 
and Rhine. In contrast with to the soil compartment, Pb in the atmosphere contributed 
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substantially to the Pb pollution and Pb transfer in plant leaves and snails in all locations. Pb 
pollution in plant leaves and snails can be explained best as a mixture of river sediment-Pb 
and atmospheric Pb from various transfer routes that involve low concentrations. The exact 
contribution of Pb in the atmosphere to the Pb pollution levels in leaves and snails cannot 
be given. Natural Pb in the soils did not highly contribute to Pb pollution in leaves and snails 
in any location.
4.1. Introduction
Lead (Pb) is a trace element occurring in rocks and soils. Because of a low melting point, 
the metal has been smelted and worked since ages (Davies, 1990). The early Egyptians, for 
example, already used Pb for glazing pottery as far back as 7000 BC (Nriagu, 1978). Mining 
and smelting activities, the use of sewage sludge and alkyl-leaded petrol, amongst others, 
have caused widespread environmental Pb pollution in more recent times (Nriagu, 1978; 
Davies, 1990). Point sources, such as smelters, cause elevated Pb concentrations in abiotic 
and biotic compartments in the vicinity of the source (Davies, 1990; Martin and Bullock, 
1994). Small lead particles emitted in the atmosphere, however, are transported over long 
distances, and cause global diffuse Pb pollution (Pain, 1995). Elevated Pb concentrations 
in snow and ice have even been measured in remote areas such as in the polar regions 
(Boutron et al., 1994). Due to environmental and human health problems caused by lead 
pollution, legislative measures have been taken to decrease Pb emissions to the environment, 
such as the phase out of leaded fuel and the use of electrostatic precipitators in power 
plants (Pain, 1995). However, due to the element’s long residence time, and its tendency to 
accumulate in soils and sediments, many places in the world are still polluted with Pb (Davies, 
1990; Pain, 1995). 
The aquatic and terrestrial soils in the floodplains of Biesbosch National 
Park are exposed to chronic and diffuse pollution of Pb, as well as other organic and 
inorganic pollutants (Dirksz et al., 1990; Otte, 1991; Winkels and Vink, 1993; Van der 
Scheer and Gerritsen, 1998). This area, located in the western part of the Netherlands, is 
the sedimentation area in which the rivers Meuse and Rhine join. Metal pollution in the 
floodplain sediments is mainly derived from the 1960s and 1970s, when the metal load in 
the rivers was very high (Beurskens et al., 1993; Middelkoop and Van Haselen, 1999). In an 
earlier study, we investigated metal concentrations in a terrestrial soil-plant (Urtica dioica)-
snail (Cepaea nemoralis) food chain in the Biesbosch and two reference locations outside 
this area (Notten et al., 2005). We selected this food chain because stinging nettles (U. dioica; 
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Urticaceae) and C. nemoralis Linnaeus (Pulmonata) are very common in the Biesbosch, and 
C. nemoralis includes nettle leaves in its diet (Grime et al., 1970; Wolda et al., 1971). Besides, 
terrestrial snails are well known for their metal accumulating capacities (Dallinger et al., 
2001). We found elevated Pb concentrations in all compartments of the food chain in the 
Biesbosch, as well as significant relationships of Pb concentrations between the snail-leaf and 
snail-soil compartments (Notten et al., 2005). The results indicated that Pb transfers to snails 
via nettle leaves as well as directly from the soil. Investigating metal concentrations does not 
reveal the origin of metal pollution in the different compartments of the food chain. For Pb, 
this can be studied using ratios of the stable Pb isotopes (204Pb, 206Pb, 207Pb and 208Pb). The 
isotopes 206Pb, 207Pb and 208Pb are the result of the radioactive decay of isotopes of thorium 
and uranium (238U, 235U and 232Th, respectively). 204Pb is the only nonradiogenic Pb isotope 
(Faure, 1997).
Pb isotope ratios are used to trace the origin of lead, and to distinguish anthropogenic 
Pb from naturally occurring Pb (Faure, 1997). Lead ores, used to manufacture lead products, 
have characteristic lead isotope ratios. These depend on the initial U/Pb and Th/Pb ratios 
and on the geological age of the source rocks from which Pb was removed during the ore 
formation. Because different lead products originate from various lead ore deposits, Pb 
isotope ratios of the products are similar to the isotope ratios of the ores (Faure, 1997). 
The 206Pb/207Pb ratio of leaded fuel used in the Netherlands (1.10-1.12), for example, clearly 
differs from the ratio of natural lead in Dutch clay soils (1.18-1.21) (Walraven and Van Os, 
1997). 
The use of Pb isotope ratios has proved to be a useful tool for tracing the origin of 
Pb in soils, sediments and atmospheric compartments such as snow and particulate matter 
(Rosman et al., 1994; Hansmann and Koppel, 2000; Monna et al., 2000; Haack et al., 2003; 
Widory et al., 2004). In addition, Pb isotope ratios have been determined in organisms, such 
as in bird bones and blood, mussels, peat, and lichens (Labonne et al., 2001; Meharg et al., 
2002; Klaminder et al., 2003; Scheuhammer et al., 2003; Simonetti et al., 2003). In a similar 
way, Pb isotope ratios in snails and stinging nettles can be used to trace the origin of Pb 
pollution in the soil-plant-snail food chain in the polluted floodplains of the Biesbosch. 
The current study aimed at tracing the origin of Pb pollution in the terrestrial 
soil-plant (U. dioica)-snail (C. nemoralis) food chain in the Biesbosch. Similar Pb isotope 
ratios in different food chain compartments indicate a similar origin of Pb pollution in these 
compartments, and thus transfer of specific Pb through these food chain compartments. We 
expected that Pb in the selected food chain in the Biesbosch is mainly derived from direct 
or indirect transfer from the soil, and thus mainly originates from the Pb pollution of the 
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1960s and 1970s that is still present in the soil. Other possible Pb origins in the food chain 
compartments are natural Pb from the soil and Pb in contemporary atmospheric pollution. 
Atmospheric Pb concentrations have sharply decreased since the ban on leaded fuel, and 
concentrations are well below air quality standards (current atmospheric Pb concentrations 
are about 15 ng m-3) (Buijsman, 2004). It was expected that the contribution of Pb in the 
atmosphere to the Pb pollution in the soil-plant-snail food chain in the Biesbosch is low. The 
situation in the Biesbosch was compared with a reference location outside the Biesbosch. 
This reference location was studied earlier, and results showed that Pb concentrations in 
the food chain compartments were low (Notten et al., 2005). This location is not situated 
in a floodplain area, and we expected a larger contribution of natural and atmospheric Pb in 
comparison with the situation in the Biesbosch. 
To realize this aim, we sampled the main compartments of the soil-plant-snail 
food chain in two polluted locations in the Biesbosch and the reference location. In 
addition, airborne particulate matter and rainwater were sampled to describe the isotopic 
composition of contemporary atmospheric Pb pollution. Total Pb concentrations were also 
determined in all samples, because in many cases the combination of isotope ratios and 
concentration data provides more specific information on mixing and transfer of potential 
pollution sources (Faure, 1997; Monna et al., 2000; Labonne et al., 2001). Not many other 
studies are known that measured Pb isotope ratios in terrestrial snails and vegetation. 
Newman et al. (1994) measured Pb isotope ratios in terrestrial snails earlier, but they 
focused on the shells. In addition, the current study is the first that investigated Pb isotope 
ratios in the Biesbosch. 
4.2. Materials and methods
4.2.1. Field locations 
Two locations were selected in Biesbosch National Park: BB1 (51°45’ N, 4°46’ E) and BB2 
(51°48’ N, 4°45’ E). BB1 is not accessible to the public, while BB2 is situated in a recreational 
area. The locations are situated on the terrestrial parts of the Biesbosch, and are not flooded 
(BB1), or only flooded sporadically (BB2). The reference location (REF: 52°28’ N, 5°26’ E) is 
situated in a forestry area in the northern part of the Netherlands. All locations were studied 
in a field survey earlier (Notten et al., 2005, the locations BB1, BB2 and REF were named 
Poll-2, Poll-4 and Ref-1, respectively). At all locations, C. nemoralis and U. dioica were available 
in sufficient numbers. 
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4.2.2. Field sampling procedure
At each location, the following compartments were sampled in July 2003: soil, litter, plant 
leaves, snails and rainwater. One soil core per location was sampled with a stainless steel soil 
corer (diameter 10 cm) to a depth of 15 cm, excluding the litter layer, and divided in 5 slices 
of 3 cm each. Subsoil samples obtained earlier in the Biesbosch (n=2, depth interval 50-80 
cm, spring 2003) and in the vicinity of REF (n=1, depth interval 100-120 cm, spring 2002) 
were included in the dataset. These samples were not taken exactly in the selected locations. 
We assumed that Pb concentrations and Pb isotope composition in these subsoil samples 
are characteristic for the unpolluted situation in the respective areas. One litter sample was 
taken per location.
Two U. dioica samples were collected per location, each consisting of seven leaves 
sampled at random from the vegetation. Two mixed leaf samples per location were also 
taken. These samples also included possible other food sources and resting places for C. 
nemoralis. Leaves of the most common plant species were sampled in such a way that the 
quantity was in accordance with the abundance of the plant species. Vegetation composition 
differed among the locations, and thus the composition of the mixed leaf samples differed 
accordingly. U. dioica and Galium aparine were present in all locations. BB1 samples also 
included leaves of Phragmites australis, Symphytum officinale and Calystegia sepium, whereas 
BB2 samples also contained leaves of Rubus fruticosus and Humulus lupulus. REF samples also 
included Cirsium arvense. 
Two adult C. nemoralis snails were sampled per location by means of hand searching. 
All snails had a brown-black ‘lip’, indicating adulthood (Williamson, 1976). Rainwater was 
collected during the week preceding the other sampling activities. We assumed that there 
is no difference in the Pb isotope composition of rainwater falling on BB1 and BB2, because 
they are only 5 km apart. Therefore, only one pair of rain gauges was installed close to BB1. 
The rain gauges consisted of a 500 mL LDPE bottle covered with aluminium foil, connected 
to a funnel (area 177 cm2). To prevent debris falling in, the inside of the funnel was covered 
with a nylon mesh. Aluminium sticks were attached to the rim to avert birds from sitting on 
the funnel. The gauges were placed at the same height as the vegetation. 
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During another survey in the Biesbosch, airborne particulate matter (APM) was 
sampled with quartz-filters (Schleicher & Schuell QF20, diameter 150 mm) by means of a 
high volume sampler close to BB1. Four of these filters were also used in the current study. 
The selected filters were derived from 24 hour sampling (sampling rate approximately 70 
m3 h-1) at four different dates (10 June 2002, 11 February 2003, 4 March 2003 and 5 March 
2003) at varying wind directions (W, SE, SE and S, respectively). The sampling dates did not 
correspond with the sampling period of the other compartments.
4.2.3. Laboratory procedures
Soil sample preparations
Soil samples were hand sorted to remove roots and debris, and dried (60 °C, 4 days). 
Subsamples were ground with a porcelain pestle and mortar. For Pb and Al
2
O
3
 analysis 
by means of X-ray fluorescence (XRF), a subsample (10 g) was ground and subsequently 
pressed with wax into tablets by means of an automated grinding- and pressing machine 
(Herzog HSM-HTP), equipped with a tungsten carbide swing-mill for grinding. One sample 
of ISE 921 reference material was included in the entire procedure. 
For Pb isotope analysis by means of ICP-MS, soil subsamples (about 0.125 g) 
were weighed into Savillex 50 mL Teflon vessels. Subsequently, 1 mL 16 M HNO
3
, 1.5 mL 
12 M HClO
4
 and 2.5 mL 29 M HF was added. All acids used were prepared by sub-boiling 
analytical grade commercial acid (Merck, p.a. quality) in Teflon stills, and demineralized water 
was of 18 MΩ quality (Elgastat). The vessels were closed and heated overnight (90 ºC) in an 
aluminium heating block. Then the vessels were opened, and evaporated to incipient dryness 
at a maximum temperature of 160 ºC. Subsequently, 5 mL 16 M HNO
3 
was added, and the 
open vessels were heated for 1 hour at 90 ºC. Finally, 20 mL 1 M HNO
3
 was added, and the 
open vessels were heated for 2 hours (90 ºC). Before ICP-MS measurements, the samples 
were diluted about 1000 times. One sample of ISE 921 reference material and one blank 
was included. 
Preparations of other sample types
All plant samples were rinsed in demineralized water, and dried (60 °C, 4 days). Soil particles 
were removed from the litter samples. Plant and litter samples were ground in a ball mill 
with Teflon beakers and zirconiumoxide bullets. These were soaked in a HNO
3
 solution 
and rinsed with MilliQ water before use. The snails were kept for two days without food 
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to evacuate their guts. Subsequently, they were dissected in digestive gland, shell and the 
remaining soft tissues. All parts were dried (60 °C, 4 days). Pb taken up by snails mostly 
accumulates in the digestive gland, and therefore only this tissue part was taken into 
consideration (Dallinger et al., 2001). Shells were cleaned in an ultrasonic bath with MilliQ 
water for 10 minutes. The rainwater samples were kept in a refrigerator. Only the content of 
one rain gauge per location was used for analysis (about 500 mL). The air filters were stored 
in a freezer at –21 °C. 
All chemical operations were carried out in a class A100 laminar flowhood. All 
solutions were made with Teflon distilled acids and MilliQ water. Teflon beakers, vials and 
pipette points were cleaned thoroughly with Teflon distilled 6-7 M HCl and MilliQ water. Five 
control blanks were included during the entire procedure. A subsample (range 0.38-0.50 g) 
of leaf and litter samples was digested with a mixture of 4 mL 6-7 M HCl, 0.6-0.7 mL 14 M 
HNO
3
 and 0.5 mL 9 M HBr at 100 °C. Snail digestive glands, snail shells and filter samples 
were digested with the same acid mixture. From the filters, a slice (about 0.2 g) was taken, 
and cut into pieces. Snail parts were digested in their entirety. Rainwater samples were 
completely dried down, and dissolved in 3 M HNO
3
. After two days at 100 °C, all sample 
types were dried down at 120 °C, and dissolved in 2 mL 0.7 M HBr. Aliquots of this solution, 
dried down and nitrated with 14 M HNO
3
, were used to determine Pb concentrations 
on ICP-MS. Before concentration measurements, samples were dissolved in 1 % HNO
3
. 
One sample of olive leaves reference material (CRM 062) was included during the entire 
procedure. 
The remaining 0.7 M HBr aliquots were separated on 0.17 mL quartz columns with 
AG X-8 200-400 mesh anion exchanger. The Pb fraction in 6-7 M HCl was equally divided in 
two aliquots: one for post-column Pb concentration analysis and one for Pb isotope analysis. 
Both aliquots were dried down at 120 °C, and nitrated with 14 M HNO
3
. Before isotope or 
concentration analysis, the samples were dissolved in 1 % HNO
3
. 
4.2.4. Pb concentration analyses 
Soil samples
Soil tablets were analysed for Pb and Al
2
O
3
 using an ARL9400 X-ray spectrometer fitted with 
an Rh tube, with full matrix correction for major elements and Compton scatter method for 
trace elements. The XRF was calibrated using more than 100 certified geological reference 
samples with a wide range of chemical compositions. Precision and accuracy of ISE 921 
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based on the current measurement and many measurements before was 0.5-1 % relative 
standard deviation and 1-5 % relative standard deviation, respectively. The absolute accuracy 
of Pb and Al
2
O
3
 concentrations of the ISE 921 measurements was within 166 ± 8.4 mg kg-1 
(2sd) and 10.6 ± 0.4 % (2sd), respectively. 
Other sample types 
All samples for Pb concentration analysis (before and after column separation) were 
measured on a ICP-MS HP 4500+ at standard settings. The recovery of olive leaves reference 
material (only determined before column separation) was within the certified range for Pb. 
The mean (± se) Pb concentration in the procedural blanks was 0.09 (0.02) µg L-1.
4.2.5. Pb isotope analysis
Soil samples
Pb isotope composition of the soil samples was determined with an Agilent 7500a ICP-
MS equipped with low uptake nebulizer. To diminish mass bias in relation to concentration 
differences, the solutions were diluted with 1 M HNO
3
 to a concentration of ± 50 ng L-1 
prior to being introduced into the mass spectrometer. Data were taken in the peak jumping 
mode with three data points acquired across each peak at masses m/z 201, 204, 206, 207 and 
208. To obtain comparable precision for the four Pb isotopes, the dwell time for masses 204, 
206, 207 and 208 was respectively 50, 20, 20, 20 ms/channel. Ten runs were measured for 
each sample. For mass bias correction, a sample of NIST SRM 981 standard was measured 
after each batch of six samples. The 206Pb/207Pb and 208Pb/207Pb ratios of the soil samples 
were determined with a precision of 2sd<0.14 % and 2sd< 0.07 %, respectively. The absolute 
accuracy of 206Pb/207Pb and 208Pb/207Pb ratios of the measured ISE 921 sample was within 
1.166 ± 0.002 (2sd) and 2.444 ± 0.003 (2sd), respectively. Reagents used and the procedural 
blank contained negligible amounts of Pb (<20 ng L-1).  
 
Other sample types
Pb isotope measurements of the other sample types were carried out on a ThermoFinnigan 
Neptune MC-ICP-MS using the sample standard bracketing technique. Sample 
concentrations determined in post-column aliquots were matched with standard (NIST 
SRM 981) concentrations at 100 or 50 ng L-1. Each sample measurement was incorporated 
in two measurements of running blanks (1 % HNO
3
) and NIST SRM 981 in the following 
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sequence: standard-blank-sample-blank-standard. Sample values were corrected for running 
blanks. Every measurement consisted of three blocks of 30 runs. Runs that deviated more 
than two times the standard deviation of the previous scans were not used in the calculation 
of the mean. The mean value of the sample was corrected for mass bias with an exponential 
correction, using the data of the previous and the next NIST SRM 981 measurements. One 
sample of NIST SRM 982 reference material was measured during each series. Absolute 
accuracy of 207Pb/206Pb ratios of NIST SRM 982 measurements was within certified values 
(0.46707 ± 0.0002) for six series. The NIST SRM 982 measurement of one series exceeded 
the certified value (deviation=1.7 %). Precision of 206Pb/207Pb ratios of all samples (total 7 
series) was 2sd< 0.013 %. 
4.2.6. Calculations  
To calculate the natural and anthropogenic Pb concentrations in the soil samples, results 
of the research of Huisman (1998) were used. He investigated natural variation in heavy 
metal concentrations in Dutch soils, and found a strong relationship between the natural 
(subsoil) metal concentrations and aluminium concentrations (expressed as Al
2
O
3
 (%)). This 
relationship is based on the joint occurrence of Al
2
O
3
 and heavy metals in aluminosilicates. 
His dataset has been expanded, and comprises more than 5000 subsoil samples. For Pb, the 
following relationship was found (Fig. 4.1):
     (Equation 1)
in which [Pb]n is the natural Pb concentration (mg kg-1 dw), and Al
2
O
3
 is the Al
2
O
3
 
concentration (%) of the soil (n=5219; R2=0.80; standard error of estimate =3.13). Because 
Dutch soils are seldom polluted with aluminium, the anthropogenic Pb concentration in the 
soil ([Pb]a) (mg kg-1 dw) can be calculated from the following equation:
      (Equation 2) 
where [Pb]t (mg kg-1 dw) is the measured total Pb concentration in the soil sample, and [Pb]n 
the natural Pb concentration in the sample calculated from equation 1.  
If both natural and anthropogenic Pb is present, the total (measured) Pb isotope 
composition in the soil is a mixture of the isotope composition of natural and anthropogenic 
Pb. To derive the Pb isotope composition of anthropogenic Pb, it is necessary to adjust for 
80 81 Chapter 4 - Origin of Pb pollution
the amount of natural Pb present in the soil. The following equation describes this mass 
balance principle: 
 (Equation 3)   
in which the letters a, t and n indicate the Pb concentration [Pb] and Pb isotope ratio 
(xPb/ yPb) of the anthropogenic, total and natural Pb fraction, respectively. We assumed that 
the natural Pb isotope ratios (xPb/ yPb)n in the soils of the Biesbosch and the reference 
location are similar to the measured ratio in the respective subsoil samples. 
Fig. 4.1. Pb (mg kg-1 dw) versus Al
2
O
3
 (%) concentrations of topsoil cores (divided in 5 samples of 3 cm each) taken 
in two polluted locations in Biesbosch National Park (BB1 and BB2) and the reference location (REF); and of subsoil 
samples collected in the Biesbosch area (n=2) and the vicinity of the reference location (n=1). The regression line 
(± 95 % confidence level) is formed by Pb (mg kg-1 dw) and Al
2
O
3
 (%) concentrations of samples (light circles) in 
Dutch subsoils (extended Huisman (1998) dataset; see text, equation 1). 
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4.3. Results
4.3.1. Soil compartment 
Total Pb concentrations in the soil cores of the floodplain locations BB1 and BB2 were 
on average 11 and 4 times higher than the mean concentration in the reference core, 
respectively (Table 4.1). The Pb concentrations within each core did not vary considerably 
with depth. Total Pb concentrations in both Biesbosch locations as well as in the reference 
location were higher than the concentrations in the subsoil samples (Table 4.1). The subsoil 
samples in the current experiment were near the upper confidence level of the relationship 
between Pb and Al
2
O
3
 concentrations in the samples of Huisman (1998) (Fig. 4.1). This 
confirms the assumption that the subsoil samples were not influenced by anthropogenic Pb 
pollution. 
The 206Pb/207Pb ratios in the Biesbosch subsoil samples were 1.196 and 1.201, 
and the 208Pb/207Pb ratios were 2.457 and 2.461 (Table 4.1). The mean (1.199 and 2.459, 
respectively) was used to calculate the anthropogenic Pb isotope ratios of the Biesbosch soil 
samples using equation 3. In the subsoil sample from the vicinity of the reference location 
a natural 206Pb/207Pb ratio of 1.195 was measured, and the value for the 208Pb/207Pb ratio was 
2.467 (Table 4.1). Both ratios of the three subsoil samples were similar to the ratios known 
to be typical for Dutch clay soils (206Pb/207Pb=1.18-1.20, 208Pb/207Pb=2.46-2.48) (Walraven et 
al., 1997). 
The calculated contribution of anthropogenic Pb to the total Pb concentration 
in the soil samples (equations 1 and 2) of BB1 and BB2 was on average 95 % and 88 %, 
respectively. Total 206Pb/207Pb ratios in the Biesbosch cores were similar and ranged between 
1.163 and 1.166 (Table 4.1). The 208Pb/207Pb ratios were also similar within the two Biesbosch 
cores, although the range was somewhat larger (range 2.438-2.447) (Table 4.1). There were 
no consistent differences across the soil profile for both ratios. Anthropogenic 206Pb/207Pb 
ratios in both Biesbosch samples varied between 1.159 and 1.162, and the anthropogenic 
208Pb/207Pb ratios ranged between 2.435 and 2.443.
The fraction anthropogenic Pb in the soil samples of the reference location was 
lower than in the Biesbosch cores, and was on average 50 % of the total Pb concentration. 
Total 206Pb/207Pb ratios in the samples of the REF core were higher than in the samples of the 
Biesbosch samples, and ranged between 1.175 and 1.177 (Table 4.1). 208Pb/207Pb ratios were 
also higher (range 2.453-2.455) than measured in the Biesbosch soil cores. No remarkable 
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variation with depth was observed for both ratios. The range of anthropogenic 206Pb/207Pb 
ratios in the REF core (range 1.154-1.158) were only slightly lower than the range in the 
Biesbosch samples. The 208Pb/207Pb ratios (range 2.438-2.440) were in the same ranges as the 
values found in the Biesbosch soil cores.
4.3.2. Biotic sample types 
The highest Pb concentrations of all food chain compartments in all locations were found 
in the snails’ digestive glands and the litter samples (Table 4.2). The other food chain 
compartments showed the same sequence of concentrations in all locations: U. dioica leaf> 
mixed leaf> snail shells. There was a rather large difference between the Pb concentrations 
of the two digestive gland and shell measurements of both Biesbosch locations. 
206Pb/207Pb ratios in all biotic sample types of BB1 ranged between 1.156 and 1.163 
(Table 4.2). 206Pb/207Pb ratios in the samples of BB2 and REF fell within this range. Only the 
ratios in one mixed leaf sample and one nettle leaf sample at BB2, and both REF shell samples 
had lower 206Pb/207Pb ratios. 208Pb/207Pb ratios in the biotic samples of BB1 ranged between 
2.425 and 2.435. For BB2 (range 2.414-2.441), these ratios were mostly somewhat lower, 
although the values of two samples (litter and digestive gland) were higher than the BB1 
range. The biotic 208Pb/207Pb ratios of the reference location fitted within the range of BB1, 
or were somewhat lower (range 2.417-2.430).
4.3.3. Rainwater and airborne particulate matter 
Pb concentrations in the rainwater samples were low: 2.43 and 0.38 µg L-1 for the Biesbosch 
area and the reference location, respectively (Table 4.3). Isotope ratios did not differ 
between the two areas (Table 4.3). 206Pb/207Pb ratios in the rainwater (1.151-1.152) were 
generally lower than the ratios measured in most other compartments. The 208Pb/207Pb ratios 
(2.425 for both areas) were similar to the 208Pb/207Pb ratios in the biotic samples.    
Pb concentrations in airborne particulate matter (APM), determined from the 
concentrations in the filters, ranged between 9.73 and 21.0 ng m-3 (Table 4.3). These 
concentrations are well below the Dutch air quality standard ([Pb]<0.5 µg m-3) (minVROM, 
2001).  206Pb/207Pb ratios in APM samples covered a large range: 1.155-1.172. This range was 
smaller for the 208Pb/207Pb ratios (range 2.421-2.431). The Pb isotope ratios of both rainwater 
samples and two APM samples were in the same range as the Pb isotope ratios of the biotic 
samples. 
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4.4. Discussion 
4.4.1. Origin of Pb pollution in the soils
The calculations (equations 1 and 2) showed that the topsoils of all locations are polluted 
with Pb from anthropogenic origin (Table 4.1). The Pb concentrations in the Biesbosch soil 
cores are high, and almost all Pb (88-95 %) has an anthropogenic origin (Table 4.1). This 
causes the similarity between the total Pb isotope ratios and the anthropogenic Pb isotope 
ratios of the soil samples in the Biesbosch (Table 4.1). The contribution of natural Pb is thus 
only 5-12 %. The Pb concentrations in the soil core from the reference location are low. Only 
half of Pb in the reference soil samples has an anthropogenic origin, and thus the other half 
is natural Pb (Table 4.1). Therefore, total isotope ratios are higher, and are more similar to 
the range characteristic of natural Pb in Dutch clay soils (Walraven and Van Os, 1997). The 
difference between total and anthropogenic Pb isotope ratios is thus larger. 
It should be noted that the use of the regression equation and the associated 
error (equation 1) influences the outcome of the calculations of anthropogenic soil ratios 
(equation 3). This does not play an important role for BB1 and BB2, in which total Pb 
concentrations are high. The contribution of natural Pb is small, and is not highly influencing 
the mass balance (equation 3). In contrast, total soil concentrations in REF samples are low, 
and the calculated natural Pb concentrations are much more important in the mass balance. 
The current anthropogenic soil ratios in the reference location thus might be somewhat 
over- or underestimated. 
To trace the origin of anthropogenic Pb in the soil, the anthropogenic 208Pb/207Pb 
ratios of all soil samples were plotted versus the 206Pb/207Pb ratios in a so-called 3-isotope 
plot. This plot also includes data of Pb origins (e.g. floodplain sediments, charcoal and galena 
samples) that may be responsible for anthropogenic Pb pollution in the studied soils (Fig. 
4.2). Generally, Pb sources plotted in this 3-isotope plot form a straight line, in which the 
geological old sources plot in the lower left corner of the graph, and the young sources in 
the upper right corner. The old sources were withdrawn from their source regions when 
the amount of radiogenic lead was low. This results in low 206Pb/207Pb and 208Pb/207Pb ratios. 
The shape of the relationship between both isotope ratios corresponds with a part of the 
Pb growth curve (Faure, 1986). 
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The anthropogenic soil Pb isotope ratios of all studied locations form a distinct 
group, indicating a similar origin. This group overlaps with anthropogenic Pb isotope ratios in 
Meuse floodplain samples collected 200 km upstream (in: Van den Berg and Van Wijngaarden, 
2000, locations and methods are described, but isotope ratios are not published). The 
similarity between the ratios of Biesbosch soils and Meuse floodplains is obvious, because 
they are both highly influenced by sedimentation, and thus sediment composition, of the 
Meuse. River Rhine also deposits sediments in the Biesbosch area (Van den Berg, 1998), but 
isotope composition data of Dutch Rhine sediments is not available.
No rivers are situated in the vicinity of the reference location, yet anthropogenic 
soil Pb isotope ratios are similar to Biesbosch and Meuse floodplain ratios. The reference 
location is part of an area that was reclaimed from the sea between 1950 and 1970. Before 
this time, polluted sediments from river outlets influenced the current soil. For example, 
river IJssel, a branch of river Rhine, discharged in the area. The results suggest that, at least 
in the past, disposed sediments in this area were polluted with Pb from a similar mixture 
of sources than in the Biesbosch. The soil in the reference location thus contains a higher 
contribution of natural Pb, but the composition of the anthropogenic Pb in the soil is similar 
to the soils in the polluted Biesbosch locations.
The river sediment determining the anthropogenic Pb isotope ratios of the soils in 
all studied locations most likely consists of a mixture of different anthropogenic Pb sources 
(Fig. 4.2), emitted largely during the pollution episode of the 1960s and 1970s. The Pb isotope 
composition of the river sediment resembles Pb isotope ratios of Dutch and Belgian charcoal 
samples, and galena samples from Belgium (Plombières and Dinant) and Germany (Rhine-
Westphalian district, Maubach and Harz Mountains) (Wedepohl et al., 1978; Pasteels et al., 
1980; Cauet et al., 1982; Walraven et al., in prep-c). These sources are related to industrial 
activities in the hinterland of the rivers Meuse and Rhine, and are present in the sediment of 
both rivers. It is likely that other industrial Pb sources also contributed to the mixture of Pb 
pollution in the river sediment. Walraven and Van Os (1997) indicated a range of 206Pb/207Pb 
ratios between 1.15 and 1.18 for industrial lead in the Netherlands, and the isotope ratios 
of the current soil samples nicely fit in this range.
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Fig. 4.2. Calculated (see text, equation 3) anthropogenic 208Pb/207Pb versus 206Pb/207Pb ratios  of topsoil cores (divided 
in 5 samples of 3 cm each) collected in two locations in Biesbosch National Park (BB1 and BB2) and the reference 
location (REF); 208Pb/207Pb - 206Pb/207Pb ratios in rainwater sampled near BB1 and in REF, and in airborne particulate 
matter (APM) collected near BB1. Ellipses include 208Pb/207Pb - 206Pb/207Pb ratios of (groups) of possible Pb origins: 
Meuse (NL) floodplain samples (n=43) (1see Van den Berg and Van Wijngaarden (2000) for sampling description, 
isotope data not given); Dutch (n=10) and Belgian (n=10) charcoal samples, and galena samples from Belgium 
(Plombières (n=14) and Dinant (n=2)) and Germany (Rhine-Westphalian district (n=2), Maubach (n=1) and Harz 
Mountains (n=4)) (2Walraven et al., in prep-c; 5Cauet et al., 1982; 6Pasteels et al., 1980; 7Wedepohl et al., 1978); 
roadside soil (NL) samples (n=16) (3Walraven et al., in prep-b); subsoil (NL) samples (n=78) (4Walraven et al., in 
prep-a).
Current deposition of river sediment is not contributing to Pb pollution in the 
selected Biesbosch locations. Only in BB2 some sporadic flooding takes place that leaves a 
new layer of sediment possibly influencing Pb isotope ratios in the soil. In addition, current 
Pb concentrations in water and suspended matter in the major Dutch rivers have improved 
considerably (minVWS, 2004).
Although deposition of atmospheric Pb contributes to anthropogenic Pb pollution 
in soils and sediments, the results show that the contribution of atmospheric Pb to the 
Pb present in the Biesbosch soils is low. The Pb isotope ratios in APM and rainwater 
clearly differed from the anthropogenic soil ratios (Fig. 4.2). This was expected due to the 
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current low Pb concentrations in the air (Buijsman, 2004). Pb concentrations and the Pb 
isotope composition of APM at the reference location were not determined. Possibly, Pb 
concentrations in the air in this location are lower, because the location is situated in a less 
densely populated and less industrialized part of the Netherlands. We expect that the Pb 
isotope composition of APM in the reference location is similar to the composition measured 
in the Biesbosch samples, due to the long-range transport of fine Pb particles (Pain, 1995). It 
is thus concluded that also in the soils of the reference location the contribution of Pb from 
the atmosphere is low. 
Deposition of atmospheric Pb from the use of leaded fuel in the past could 
also have contributed to Pb pollution in the soils of the studied research locations. The 
anthropogenic Pb isotope ratios in the soils, however, clearly differ from the isotope 
composition of highly gasoline-influenced roadside soils (Fig. 4.2). This shows that leaded 
fuel did not highly contribute to Pb pollution in the soils of the three research locations. 
Large Pb particles in exhaust fumes are deposited rapidly close to the emission source, such 
as in road verges (Pain, 1995). None of the three locations is situated close to major roads, 
and a clear contribution of Pb from the use of leaded fuel was not expected. Fine particles 
derived from leaded fuel can be carried by winds, and are deposited over very large areas 
(Pain, 1995). The contribution of this deposition is also negligible in the soils of the studied 
research locations. 
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4.4.2. Origin and transfer of Pb in plant leaves and snails 
All 208Pb/207Pb versus 206Pb/207Pb ratios in the biotic samples of the three locations form a 
distinct cluster if plotted in a 3-isotope plot (Fig. 4.3). Only two samples (mixed leaf BB2 
and shell REF) have lower ratios. The 206Pb/207Pb ratios of the biotic cluster are similar to the 
range of 206Pb/207Pb ratios in the soil, and this implies that Pb in the soil is transferred to plant 
leaves and snails. However, the 208Pb/207Pb ratios of the biotic cluster (range 2.414-2.441) are 
lower than the 208Pb/207Pb ratios of the soil samples (range 2.435-2.443). This suggests the 
contribution of another anthropogenic Pb origin. 
The Pb isotopic signature of the biotic cluster (both 206Pb/207Pb and 208Pb/207Pb ratios) 
is similar to the Pb isotope ratios in rainwater and two out of four APM samples (Fig. 4.3). 
The Pb isotopic signature of the biotic cluster is also close to Pb isotope ratios measured in 
sediments in Lake Vechten in the Netherlands (Fig. 4.3). These sediments are only influenced 
by atmospheric deposition (Walraven et al., in prep-b). In contrast to rainwater and APM, the 
data from Lake Vechten give an integrated signal of atmospheric pollution between 1989 and 
2002 (Walraven et al., in prep-b). The variation in Pb isotope composition of these sediments 
is therefore smaller than of the APM samples, which are prone to large temporal variations 
(Flament et al., 2002).
The results show that, despite low atmospheric Pb concentrations, contemporary 
atmospheric Pb pollution contributes to Pb pollution levels in plant leaves and snails in all 
three locations. From the resemblance of the Pb isotope ratios in leaves and snails to the Pb 
isotope ratios of the cluster of APM samples and in rainwater, it could be inferred that Pb 
from the atmosphere is the only contributor to Pb pollution in plant leaves and snails in all 
locations. It is more plausible, however, that Pb pollution in plant leaves and snails is due to a 
mixture of atmospheric Pb and soil (river sediment) Pb. The integrated Pb isotopic signature 
found in the sediments of Lake Vechten is a more reliable measure for contemporary 
atmospheric Pb pollution than the small number of variable measurements in rainwater and 
APM in the current study. 
Transfer of atmospheric Pb to plant leaves and snails can occur by a number of 
routes. Pb deposition on plant leaves sticks to the surface, and especially nettle leaves are 
expected to retain more Pb on their leaves due to their hairy, rough surface (Pain, 1995). 
Although the plant leaves were rinsed with demineralized water before analysis in the 
present study, the results suggest that atmospheric Pb was not removed completely, most 
probably due to the hairy surface. Otherwise, Pb isotope ratios of the plant leaves should 
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Fig. 4.3. 208Pb/207Pb versus 206Pb/207Pb ratios in the biotic compartments of a terrestrial soil-plant (Urtica dioica)-
snail (Cepaea nemoralis) food chain in two locations in Biesbosch National Park (BB1 and BB2) and the reference 
location (REF); in rainwater sampled near BB1 and in REF; and in airborne particulate matter (APM) collected near 
BB1. Anthropogenic isotope ratios of soil samples from the three locations are also displayed (see also figure 4.2). 
Ellipses include 208Pb/207Pb - 206Pb/207Pb ratios of (groups) of possible Pb origins (see Fig. 4.2. for more detail): Meuse 
(NL) floodplain samples (n=43) (1see Van den Berg and Van Wijngaarden (2000) for sampling description, isotope 
data not given); Dutch (n=10) and Belgian (n=10) charcoal samples, and galena samples from Belgium (Plombières 
(n=14) and Dinant (n=2)) and Germany (Rhine-Westphalian district (n=2), Maubach (n=1) and Harz Mountains 
(n=4)) (2Walraven et al., in prep-c; 5Cauet et al., 1982; 6Pasteels et al., 1980; 7Wedepohl et al., 1978); sediment 
samples in Lake Vechten (NL) between 1989 and 2002 (n=11) (3Walraven et al., in prep-b); roadside soil (NL) 
samples (n=16) (3Walraven et al., in prep-b); subsoil (NL) samples (n=78) (4Walraven et al., in prep-a).
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have been more similar to the Pb isotope ratios of the soils. Pb could also transfer through 
the leaf surface, but experimental studies showed that only extremely small amounts of lead 
penetrate the cuticle (Arvik and Zimdahl, 1974). Plants can also take up atmospheric Pb 
deposition via the soil. 
Snails can take up atmospheric Pb pollution directly by inhalation, or when deposited 
on the vegetation while feeding, and also probably when moving (Gomot de Vaufleury and 
Pihan, 2000). Pb in the plants, which mainly originates from the soil, is ingested via feeding 
also. Snails can also take up metals from the soil, via uptake through the skin as well as via 
soil feeding (Cœurdassier et al., 2002). 
The mixture of atmospheric and sediment-derived Pb in plant leaves and snails is 
due to the transfer of Pb from several routes that involve low concentrations. As explained 
above, the Pb concentrations in the atmosphere are low. The transfer of soil Pb to plant 
leaves in the Biesbosch is also low, due to a low bioavailability of metals in the soil (Hobbelen 
et al., 2004; Notten et al., 2005). Also in the reference location, the transfer of soil Pb to 
plants is low due to the low Pb concentrations and high soil pH (Notten et al., 2005). Pb 
in plant leaves taken up from the soil will be mostly the Pb in the polluted river sediment, 
because atmospheric Pb deposition does not highly influence Pb pollution in the studied 
soils. Snails ingest the mixture of atmospheric Pb and river sediment Pb by feeding on plant 
leaves, and the transfer of Pb from plant leaves to snails is more important than the transfer 
via the soil (Notten et al., 2005). Transfer of Pb to snails directly via the soil is not the most 
important route, but will contribute mostly to the uptake of sediment-derived Pb. 
The contribution of natural Pb to the Pb pollution in plant leaves and snails is 
negligible. This is also the case in the reference location in which half of the Pb in the soil 
is natural Pb. Otherwise, the Pb isotope ratios of plant leaves and snails should have been 
higher. 
Although the exact contribution of atmospheric Pb cannot be given, it is clear 
from this study that atmospheric Pb pollution contributes substantially to Pb pollution and 
Pb transfer in plant leaves and snails in both the polluted Biesbosch locations as well as in 
the reference location. The occurrence of effects on snails due to the pollution of Pb and 
other metals in the soil-plant-snail food chain in the Biesbosch is investigated in another 
study (Notten et al., submitted) (see chapter 5 of this thesis). Laskowski and Hopkin (1996), 
Swaileh and Ezzughayyar (2001) and Beeby and Richmond (1987; 2001), amongst others, 
studied the effects of Pb on snail growth, consumption and reproduction as well as the 
possible adaptation of snails to Pb pollution. 
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4.5. Conclusions
The soils in the Biesbosch floodplains and the reference location contain 88-95 % and 50 
% anthropogenic Pb, respectively. The anthropogenic Pb isotope ratios in the soils of the 
three locations are similar. The anthropogenic Pb is derived from sedimentation of the 
rivers Rhine and Meuse during flooding. This river sediment contains a mixture of Pb from 
various sources related to industrial activities in the hinterland of both rivers. Pb pollution 
in plant leaves and snails results from a mixture of river sediment-Pb and atmospheric Pb. 
The different Pb origins mix via several transfer routes that involve low concentrations. The 
exact contribution of Pb in the atmosphere to Pb pollution in plant leaves and snails cannot 
be given.
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Chapter 5
Heavy metal pollution affects consumption and 
reproduction of the landsnail Cepaea nemoralis fed on 
naturally polluted Urtica dioica leaves
With A.J.P. Oosthoek, J. Rozema and R. Aerts;
submitted
Abstract  
The effects of a mixture of metals on food consumption rates and reproductive success of 
the landsnail Cepaea nemoralis were investigated in two experiments using snails and food 
(Urtica dioica leaves) from different metal polluted locations and one reference location. 
First, we investigated the effects of the degree of leaf and snail metal pollution on food 
consumption rates. Snails fed on polluted leaves from a highly polluted smelter location 
showed significantly lower consumption rates than those consuming leaves from a reference 
location, independent of the degree of snail metal pollution. In a second experiment, snails 
from the reference location and the highly polluted location used in the consumption 
experiment, and from two low-polluted locations, were kept on native soil and food in 
order to reproduce. No negative effect of heavy metal pollution on clutch size was found 
for the snails from the reference location and the low-polluted locations. Snails from the 
highly polluted location, however, laid no eggs. This suggests that at these high levels of metal 
pollution, reproduction is strongly negatively affected. We suggest that the absence of egg 
laying by these snails results from a combination of decreased consumption and an increased 
demand of energy for the accumulation and detoxification of metals. In this way, less energy 
is available to invest in reproduction. 
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5.1. Introduction 
Pollution of the environment with heavy metals released by human activities is a widespread 
problem. Metals are taken up and accumulate in organisms, and are transferred through the 
food chain (Hopkin, 1989). The capacity to accumulate certain metals within distinct tissues 
is a consistent feature of some invertebrates, such as earthworms, isopods and molluscs 
(Dallinger, 1993). Elevated metal concentrations in invertebrates can negatively influence 
consumption, growth, reproduction and survival (Hopkin, 1989; Cortet et al., 1999). 
Terrestrial snails are well known for their metal accumulating capacities, and many 
studies have investigated accumulation and effects of metals in snails (Russell et al., 1981; 
Hopkin, 1989; Laskowski and Hopkin, 1996a; 1996b; Gomot-de Vaufleury and Kerhoas, 
2000; Swaileh and Ezzughayyar, 2000; 2001). Snails take up metals from the food and, to a 
lesser extent, through the skin (Dallinger et al., 2001; Cœurdassier et al., 2002). The amount 
of food consumed and the metal concentrations in the food, amongst others, influence 
metal uptake and accumulation in the snails’ body (Dallinger et al., 2001). Besides, elevated 
metal concentrations in the food can directly affect snail food consumption (Laskowski and 
Hopkin, 1996a; 1996b; Swaileh and Ezzughayyar, 2000; 2001). 
In laboratory studies, the effects of metal pollution on both food consumption and 
reproduction of snails have been studied at different food metal concentrations, generally 
including one metal at a time. In most cases an artificial type of food was used, often based 
on agar, and including snails from laboratory cultures (Laskowski and Hopkin, 1996a; 1996b; 
Gomot-de Vaufleury and Kerhoas, 2000; Swaileh and Ezzughayyar, 2000; 2001). Decreased 
consumption and reproduction were found at increased metal levels in the diet (Russell 
et al., 1981; Laskowski and Hopkin, 1996a; 1996b; Gomot-de Vaufleury and Kerhoas, 2000; 
Swaileh and Ezzughayyar, 2000; 2001). The results of such laboratory tests, however, are 
difficult to translate to polluted field situations in which food contains a mixture of metals 
that varies in time and place (Martin and Coughtrey, 1982). Similarly, the use of snails from 
natural populations might also influence the effects of metal pollution. 
The current study investigated the effects of a mixture of metals (Zn, Cu, Cd and 
Pb) on food consumption and reproduction of terrestrial snails in two related experiments. 
The design of both experiments simulated realistic field situations. Both experiments 
included the terrestrial snail Cepaea nemoralis Linnaeus (Pulmonata), and stinging nettle 
leaves (Urtica dioica; Urticaceae) were used as food. C. nemoralis includes fresh U. dioica leaves 
in its diet (Grime et al., 1970; Wolda et al., 1971). The effects of the degree of food and 
snail metal pollution on food consumption were studied in an experiment including snails 
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and leaves both originating from a reference location and a polluted location. We expected 
lower consumption rates on metal polluted leaves, independent of the degree of snail metal 
pollution. The effects of metal pollution on reproduction were studied in an experiment 
including C. nemoralis snails from a reference location and three locations varying in metal 
pollution levels. We expected decreased reproductive success, measured as numbers of 
clutches and clutch size, at increasing pollution levels. 
5.2. Methods and materials
5.2.1. Consumption experiment
Design and snail sampling
The set-up of the consumption experiment was a crossed factorial design with as main 
factors food (F) metal pollution (U. dioica leaves originating from a reference location (Fr) 
and a metal polluted location (Fp)), and the factor snail (S) metal pollution (C. nemoralis snails 
originating from a reference location (Sr) and a metal polluted location (Sp)). The experiment 
thus consisted of four treatments: FrSr, FrSp, FpSr and FpSp. The reference location (REF), 
situated in the northern part of the Netherlands (52°28’ N, 5°26’ E), was used in earlier 
experiments (Notten et al., 2005, location REF was called Ref-1; in press). Zn, Cu, Cd and 
Pb concentrations in the compartments of the soil-plant (U. dioica)-snail (C. nemoralis) food 
chain were low (Notten et al., 2005). The highly metal polluted location (HP) was situated 
close to an active Zn smelter in Overpelt, Belgium (51°14’ N, 5°25’ E).
Juvenile C. nemoralis of different sizes (range 1.1-2.7 g fresh weight) were sampled 
in late April 2004. Juvenility was assessed from the soft shell, and absence of a hard, brown-
black ‘lip’ at the mouth of the shell (Williamson, 1976). Insufficient juveniles were found at 
HP. To enlarge the sample size per treatment from this location, some specimens with a 
brown-black lip, though still with a soft shell, were also collected. At the reference location 
a similar batch of snails was sampled. In both locations, at least 20 snails were collected, 
corresponding to 10 snails per treatment. The snails were kept in a greenhouse (18 °C) at 
natural sunlight, and with automatic spraying. Prior to the experiment, the snails were kept 
in transparent plastic boxes including a layer of soil and litter originating from their own 
locations, which were moistened regularly. The snails were fed with dried plant leaves from 
their own locations. Both U. dioica and Galium aparine were fed to snails from the reference 
location, while only U. dioica was fed to HP snails. 
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Snail feeding
The consumption experiment was started 1 week after snail sampling (early May 2004). U. 
dioica plants for food were harvested in April and May 2004 in both locations. Healthy and 
fresh leaves were cut, and dried (40 °C). Each snail was kept in a 500 mL transparent box 
with a perforated lid. The lipped specimens were equally divided among treatments. The 
experiment was carried out in the same greenhouse as described above, and the boxes were 
sprayed regularly with distilled water. An equal-sized portion of dried U. dioica leaves was 
offered to each snail twice a week. The weight of food offered was higher in the treatments 
receiving unpolluted leaves, because these leaves were heavier (Table 5.1). The duration of a 
meal was 3 to 4 days, only meal 9 was offered 2 days (Table 5.1).  The experiment lasted 34 
days, in which 10 meals were supplied. 
At each feeding day, the remaining leaves of a meal were collected. The remainder 
was dried, and weighed again in order to determine the amount of dried leaves consumed. 
Each snail was transferred to a clean box with a new meal. Snails feeding on polluted leaves 
(treatments FpSr and FpSp) received leaves harvested in April during the first five meals 
(feeding period 1, 17 days) (Table 5.1). The last five meals (feeding period 2, 17 days) they 
were fed with leaves collected in May 2004. In this way, we simulated seasonal variation 
in leaf metal concentrations in the field (Martin and Coughtrey, 1982). Seasonal variation 
in metal concentrations in the reference leaves was expected to be small, and during the 
entire feeding period only leaves harvested in April were fed to the snails of the treatments 
FrSr and FrSp (Table 5.1). A batch of leaves from REF was sampled in May, and included in 
the metal analyses to confirm this assumption. During feeding period 1, dead snails were 
replaced with individuals also sampled late April 2004.
104 105 Chapter 5 - Effects on snail food consumption 
and reproduction
Table 5.1. Consumption experiment. Feeding periods, cumulative feeding duration (d) and range of meal weights (g) 
in the consumption experiment with Cepaea nemoralis from the reference location (REF) and the highly polluted 
location (HP) fed for 34 days on dry Urtica dioica leaves from the reference location and the highly polluted location, 
harvested in April and May 2004. 
Reference leaves Polluted leaves 
Feeding Meal no. Cumulative Meal size Meal size 
period feeding duration 
April sample April sample
1 1 3 0.18-0.20 0.14-0.17
2 7 0.19-0.21 0.17-0.18
3 10 0.19-0.21 0.16-0.17
4 14 0.17-0.20 0.16-0.17
5 17 0.18-0.20 0.15-0.18
April sample May sample
2 6 20 0.17-0.19 0.10-0.12
7 24 0.15-0.18 0.08-0.11
8 28 0.16-0.17 0.09-0.11
9 30 0.18-0.19 0.09-0.11
10 34 0.16-0.18 0.10-0.12
Metal and C/N analyses of the food 
Zn, Cu, Cd and Pb concentrations were determined in four leaf samples per pollution level 
and harvest date (April and May). A ground subsample was digested in 4:1 HNO
3 
(65 %): 
HCl (37 %) in Teflon bombs at 140 °C for 7 hours. The analysis included three control 
blanks and three samples of olive leaves reference material (CRM 062). Zn concentrations 
in the polluted leaves were analysed on a Perkin Elmer Flame AAS 1100. Concentrations 
of the other metals were determined on a Perkin Elmer Graphite Furnace AAS 2100 with 
HGA 700. Zn concentrations measured in the samples of olive leaves reference material 
were within the range of certified values. For Cu and Pb, the results deviated 2.5 and 7.5 % 
from the range of certified values, respectively. Cd concentrations could not be determined 
satisfactorily. 
C/N ratios in the leaves were determined as a measure of nutritious quality. Four 
ground subsamples per pollution level and harvest date were weighed (about 3 mg) in tin 
cups, and analysed for C and N concentrations on a Carlo Erba NA1500 CNS analyser. 
Statistical analyses
Consumption rates were expressed in milligram dry food consumed per gram initial fresh 
weight of snail per day (mg dw g-1 initial fw snail d-1). In this way, differences in snail fresh 
weight at the beginning of the experiment were taken into account. Repeated measures 
two-way ANOVA was used to test the entire data set (FrSr and FpSr, n=10; FrSp, n=9; FpSp, 
n=8). Snail and food metal pollution were included as between-subjects factors. Feeding 
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period (feeding period 1 and 2) was included as within-subjects factor. If repeated measures 
ANOVA showed a significant interaction effect of feeding period x snail metal pollution or 
feeding period x food metal pollution, a separate two-way ANOVA was carried out per 
feeding period. Homoscedasticity was investigated using Levene’s test. 
5.2.2. Reproduction experiment 
Design and pollution gradient
C. nemoralis from four different locations were kept on native soil and food in order to 
reproduce. Included were the reference location (REF) and the highly polluted location 
(HP) described above. In addition, two locations (LP1 and LP2) with low levels of pollution 
were selected (51°45’ N, 4°46’ E and 51°48’ N, 4°45’ E, respectively). These were located 
in Biesbosch National Park in the western part of the Netherlands. Results from a field 
study in July 2001 showed that the soil metal concentrations in polluted locations of 
Biesbosch National Park were significantly higher than in the reference location (Notten et 
al., 2005, current location codes REF, LP1 and LP2 correspond with Ref-1, Poll-2 and Poll-4, 
respectively). Based on the metal concentrations in U. dioica leaves and C. nemoralis (Notten 
et al., 2005), the three locations could be ranked in order of increasing metal pollution: REF-
LP1-LP2 (Table 5.2). Metal concentrations measured in the leaves of these locations in 2003 
showed a similar pollution range (M. Notten et al., unpublished data). Concentrations in soil, 
leaves and adult snails collected at HP in July 2003 were used to characterize metal pollution 
levels at this location (Table 5.2). 
 Based on these results and the leaf metal concentrations determined for the 
consumption experiment (Table 5.3), we could rank the locations from relatively clean to 
highly polluted in the following order: REF-LP1-LP2-HP. Metal concentrations in HP snails 
were much higher than in any of the other locations (Table 5.2). Zn and Cd concentrations 
measured in U. dioica leaves from this location also highly exceeded leaf concentrations in the 
other locations (Tables 5.2 and 5.3). Pb leaf concentrations at HP were in the same range as 
measured in both LP locations, but higher than in leaves from REF. No large differences were 
found in Cu leaf concentrations among the four locations. Soil concentrations in HP were 
lower (Zn and Cd) or similar (Pb and Cu) compared to the other polluted locations (Table 
5.2). 
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Table 5.2. Reproduction experiment. Mean (± se) metal concentrations (µg g-1 dw) in soil, Urtica dioica leaves and 
Cepaea nemoralis snails from the reference location (REF), two low-polluted locations (LP1 and LP2) in Biesbosch 
National Park and the highly polluted location (HP) sampled in July 2001 (REF, LP1 and LP2) and July 2003 (HP). Snail 
concentrations are total soft tissue concentrations. REF, LP1 and LP2 all samples, n=7; HP soil and leaf samples, n=5; 
HP snails, n=6. Digestion of HP samples was similar as described in Notten et al. (2005). 
Location Zn Cu Cd Pb
Soil REFa 111 (5) 17 (0.3) 1 (0.01) 46 (1)
LP1a 912 (75) 115 (11) 10 (1.0) 246 (21)
LP2a 830 (109) 82 (10) 5 (0.6) 211 (26)
HP 425 (13) 109 (4) 1.6 (0.7) 239 (5)
U. dioica
leaves
REFa 17 (0.7) 9 (1.0) 0.04 (0.04) 0.7 (0.07)
LP1a 18 (1.5) 7 (0.4) 0.01 (0.01) 1.5 (0.05)
LP2a 38 (2.2) 12 (1.2) 0.20 (0.02) 4.4 (0.5)
HP 531 (56) 7.5 (0.7) 23 (9) 3.0 (0.1)
C. nemoralis REFa 110 (8) 90 (10) 3.4 (0.6) 0.8 (0.1)
LP1a 167 (28) 84 (11) 13 (2.7) 2.9 (0.7)
LP2a 304 (49) 201 (26) 37 (4) 2.7 (0.7)
HP 2362 (268) 435 (29) 94 (4) 48 (7)
a Notten et al. (2005)
Snail, plant and soil sampling
Twenty adult C. nemoralis were sampled per location in April 2004. At HP, only 10 adults 
could be sampled. Plant leaves, soil and litter were collected at the same sampling occasion. 
Including soil was an important part of the design of the experiment. First, because C. 
nemoralis snails lay their eggs in a nest in the soil (Heller, 2001). Second, because uptake from 
the soil via soil feeding or through the skin is another route of metal transfer to snails in 
addition to uptake from the food (Cœurdassier et al., 2002). Both U. dioica and G. aparine 
plants were collected in order to use as food. Wolda et al. (1971) report that C. nemoralis also 
consumes the latter plant species. No G. aparine was sampled at HP, because this species was 
nearly absent. Litter samples consisted of dead plant leaves and stems from different herb 
species, except at HP in which litter mainly contained tree leaves. Another harvesting of food 
plants was carried out in May 2004. 
Snail keeping and experimental conditions
Ten snails per location were kept in a plastic, transparent box (LxWxH, 38x20x25 cm) with a 
layer (about 3 cm) of native soil and some litter on top of it. For REF, LP1 and LP2, two boxes 
were made, but only one box could be prepared for HP. Soil was first soaked in liquid nitrogen 
to kill soil fauna, and prevent it from uncontrolled growth in the boxes. Subsequently, the soil 
was sieved (mesh size 5 mm). The boxes were covered with a transparent lid with air holes. 
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Each box was additionally ventilated by means of two tubes connected to compressed air. 
The boxes were kept in a greenhouse (18 °C) with natural sunlight. Automatic spraying 
switched on every hour for 3-5 minutes (except at 2 and 4 am, and at 1 and 3 pm). 
Twice a week, the snails were fed with plants originating from their own locations. 
U. dioica leaves offered to the snails of REF and HP were similar to the reference (Fr) and 
polluted (Fp) leaves of the consumption experiment, respectively. Plants, including stems, 
were offered in a fresh form at first. The stock was kept in a dark climate controlled room 
at 4 °C. About 2-3 weeks after harvesting, U. dioica leaves were separated from the stem. G. 
aparine plants were cut into pieces including the stem. Subsequently, the plant parts were 
dried (40 °C), and supplied in a dry form. 
The sides and the lid of the boxes were cleaned every feeding occasion. Visible 
faeces on the soil were also removed. The boxes and the soil were regularly sprayed with 
demineralized water. To avoid disturbance of snails during egg laying, the soil layer was only 
refreshed once or twice at the beginning of the experiment. The experiment finished after 
20 weeks (September 2004). 
Egg count and statistical analyses
Twice a week, the bottom of the boxes was inspected for egg clutches. The soil was also 
regularly searched carefully. After six weeks, circular glass containers (500 mL) with potting 
compost were placed in a corner of each box in order to enlarge suitable egg laying 
conditions (Gomot-de Vaufleury and Kerhoas, 2000). Clutches were removed from the soil, 
and eggs were counted. 
No statistical tests were carried out on the number of clutches per box, because of 
the low number of replicates (HP, n=1; other locations, n=2). To test for differences in clutch 
size among locations, the data of both boxes per location were pooled. The total number of 
clutches per location was used as the number of replications (REF, n=7; LP1, n=16 and LP2, 
n=9) (Table 5.5). A non-parametric Kruskal-Wallis test was used, because group sizes differed 
too much to carry out one-way ANOVA (Zar, 1984). HP was not included, because no eggs 
were laid. The Kruskal-Wallis procedure included a correction for tied ranks, and multiple 
comparisons were calculated using a correction for unequal group sizes (Zar, 1984). 
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5.3. Results 
5.3.1. Consumption experiment
Zn and Pb concentrations in leaves from the polluted smelter location (HP) were at least 9 
times higher than in leaves from the reference location (Table 5.3). No large differences were 
detected for Cu. The difference between metal concentrations in reference leaves sampled 
in April and May was, as expected, small or absent. Metal concentrations in the polluted 
leaves sampled in May were 1.3-2.0 times higher than in April. There was no large difference 
in C/N ratios between April and May for the reference leaves (Table 5.3). C/N ratios of 
polluted leaves sampled in April were higher than in May. 
Table 5.3. Consumption experiment. Mean (± se) metal concentrations (µg g-1 dw) and mean (± se) C/N ratios in 
Urtica dioica leaves (n=4) originating from the reference (REF) location (treatment level Fr) and the highly polluted 
(HP) location (treatment level Fp) sampled in April and May 2004. 
Sampling time Zn Cu Pb C/N
Reference (REF) 
leaves (Fr)
April 23 (1.2) 8 (0.4) 0.3 (0.1) 8.6 (0.1)
May 24 (0.6) 12 (0.8) 0.3 (0.1) 9.0 (0.3)
Polluted (HP) 
leaves (Fp)
April 232 (31) 11 (0.3) 2.6 (0.2) 9.4 (0.1)
May 447 (22) 18 (1.6) 3.3 (0.3) 8.5 (0.1)
Fig. 5.1. Consumption experiment. Mean (±se) consumption rates (mg dw g-1 initial fw snail d-1) of Cepaea nemoralis 
fed for 34 days on dry Urtica dioica leaves both originating from the reference location (REF) and the highly metal 
polluted location (HP) during feeding period 1 (dark grey bars) and feeding period 2 (light grey bars) (see Table 5.1). 
Factor F=food metal pollution  (r, reference leaves; p, polluted leaves), factor S=snail metal pollution (r, reference 
level; p, polluted level). Numbers of samples: FrSr and FpSr, n=10; FrSp, n=9; FpSp, n=8. Results of statistical tests are 
shown in Table 5.4. 
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Five snails died during the experimental period, of which four originated from HP 
(FrSr, n=1; FrSp, n=1 and FpSp, n=3). Consumption rates varied between 10 and 18 mg dw 
g-1 initial fw snail d-1 (Fig. 5.1). Repeated measures ANOVA showed a significant interaction 
effect of feeding period x food metal pollution (Table 5.4). Separate ANOVAs on feeding 
period 1 and feeding period 2 both showed a significant effect of food metal pollution (Table 
5.4). Snails consuming polluted leaves showed a lower consumption rate than snails feeding 
on leaves from the reference location. There was no significant effect of snail metal pollution 
on consumption rates.
Table 5.4. Consumption experiment. P-values for the effects of food metal pollution (reference level, Fr; polluted 
level, Fp) and snail metal pollution (reference level, Sr; polluted level, Sp) on consumption rates (mg dw g-1 initial fw 
snail d-1) of Cepaea nemoralis fed on dry Urtica dioica leaves originating both from the reference location (REF) and 
the highly polluted location (HP) during two consecutive feeding periods for 34 days (see Table 5.1).
Source P-value
Repeated measures two-way ANOVA
Feeding period 0.000
Feeding period x snail metal pollution 0.988
Feeding period x food metal pollution 0.000
Feeding period x snail metal pollution x food 
metal pollution
0.326
Two-way ANOVA on feeding period 1
Snail metal pollution 0.310
Food metal pollution 0.013
Snail metal pollution x food metal pollution 0.051
Two-way ANOVA on feeding period 2
Snail metal pollution 0.401
Food metal pollution 0.000
Snail metal pollution x food metal pollution 0.299
5.3.2. Reproduction experiment 
In the boxes of REF, LP1 and LP2, love darts were found regularly as an evidence of mating 
(Russell et al., 1981). No love darts were observed in the box of HP. Egg clutches were found 
for the first time five weeks after the beginning of the experiment. Most clutches were laid 
in the soil, only 6 out of 32 clutches were laid in the containers with potting compost. Snails 
from HP laid no clutches at all. The total number of clutches found was highest (19) in July. 
During this period, most of the clutches of the snails from LP1 were laid. LP2 snails laid eggs 
from late May until late July. Egg clutches from REF snails were found from late July until late 
August. 
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Only for LP1, the number of clutches per replicate box differed much (Table 5.5). 
The total number of clutches per location was highest for LP1. A Kruskal-Wallis test on the 
pooled data per location showed a significant difference (p<0.005) in clutch size among the 
three locations (Table 5.5). Clutch size was highest for LP1. 
Table 5.5. Reproduction experiment. Total number of clutches per box (10 snails), mean (± se) number of eggs per 
clutch per box and mean (± se) number of eggs per clutch pooled per location (the number of replications [n] 
equals the total number of clutches per location) of Cepaea nemoralis from the reference location (REF), two low-
polluted locations (LP1 and LP2) and the highly polluted location (HP), kept for 20 weeks on native soil and food. 
Superscript letters in the last column indicate multiple comparisons; different letters indicate significant differences 
(p<0.05). 
Location-
box code
     No. of clutches 
    per 10 snails
     Mean no. of eggs 
          per clutch 
Pooled mean no. of 
eggs per clutch 
REF-a 4  58 (11) 55.0a (6.1) [7]REF-b 3 52 (5)
LP1-a 4  94 (23) 83.1b (6.5) [16]LP1-b 12 80 (5)
LP2-a 4 56 (8) 47.2a (5.4) [9]LP2-b 5 40 (6)
HP 0 - -
5.4. Discussion 
5.4.1. Consumption experiment
As expected, metal concentrations were higher in the polluted leaves from the smelter 
location than in the reference leaves for both feeding periods (Table 5.3). No metal 
concentrations were determined in juvenile snails from the reference location and the highly 
polluted location. Metal concentrations in adult HP snails were on average 5-60 times higher 
than in adult REF snails (Table 5.2). Although metal concentrations in juvenile snails are 
lower than metal concentrations in adults (Coughtrey and Martin, 1977; Williamson, 1979), 
we assume that juvenile HP snails have higher metal concentrations than juvenile snails from 
the reference location. 
In agreement with our hypothesis, snails from both the reference location and the 
highly polluted location showed significantly lower food consumption rates when fed on 
polluted leaves (Fig. 5.1. and Table 5.4). It should be noted that the calculation of consumption 
rates only included the initial fresh weight of the snails. In this way, possible snail growth 
during the 34 days of exposure was not taken into account, and consumption rates might be 
somewhat overestimated. 
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There is no agreement on the mechanism behind decreased food consumption 
at high food metal concentrations yet. On the one hand, it could be due to snails actually 
detecting metals in the food. Binary choice experiments investigating the preference of 
herbivores, such as snails, for low or high Zn concentrations in leaves show opposite results 
(Pollard and Baker, 1997; Huitson and Macnair, 2003). The high Zn concentrations used in 
such experiments, however, are generally much higher than in polluted leaves of the current 
experiment. In this experiment the snails had no choice, and even if metals were detected, 
this did not cause a complete inhibition of feeding. On the other hand, decreased food 
consumption could be due to internal toxicity of the snails. The fact that polluted snails 
showed increased feeding on reference leaves in the current experiment (Fig. 5.1, FrSp 
treatment) precludes the possibility of an irreversible toxicity-effect as supposed by Swaileh 
and Ezzughayyar (2000; 2001) for Zn and Cd at food concentrations exceeding 100 and 200 
µg g-1, respectively, in Helix engaddensis.  
Regardless the mechanism, reduced consumption on polluted leaves is likely to 
affect general snail fitness. Reduced consumption leads to a decrease in energy entering 
the animal’s body. Besides, accumulation and detoxification of metals within soft tissues 
generally implies an additional energy cost (Walker et al., 2001). In combination, this affects 
the scope for growth and reproduction. This approach of physiological energetics is the 
basis of the Scope for Growth ecotoxicological test that is regularly applied on mussels 
(Widdows, 1993; Sobral and Widdows, 1997; Widdows et al., 2002). The response of the test 
was found to correlate with concentrations of organic pollutants and metals in mussels and 
the surrounding waters (Sobral and Widdows, 1997; Widdows et al., 2002). 
In this respect, it is noteworthy that most dead snails originated from the polluted 
location. The high metal concentrations measured in HP snails (Table 5.2), indicative of FpSp 
snail concentrations in the consumption experiment, imply a major energy cost. Possibly, 
the snails were more susceptible to the ‘new’ environmental conditions in the greenhouse 
due to a decreased scope for growth and reproduction. The observed mortality cannot be a 
result of direct starvation, because all snails continued to feed on the polluted leaves. 
Snails in the polluted smelter location are chronically exposed to high metal 
levels in the food, and decreased consumption is a continuous issue. We assume that adult 
snails show lower consumption rates on polluted leaves as well. Despite such decreased 
consumption rates, high metal concentrations in adult HP snails (Table 5.2) show that snails 
feeding on polluted leaves accumulate considerable amounts of metals in their soft tissues. 
The results also show that, in case leaf metal concentrations in the highly polluted location 
would decrease, consumption rates would rise again (treatment FrSp, Fig. 5.1). The snails 
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in the reference location, on the other hand, would be threatened if metal concentrations 
in their food would increase (treatment FpSr, Fig. 5.1). From this experiment it cannot be 
concluded from which metal concentrations onwards consumption rates are affected. 
There was no clear difference between both feeding periods for the consumption 
rates of the snails feeding on polluted leaves (Fig. 5.1, FpSr and FpSp treatments). This is 
noteworthy, because at the higher HP leaf metal concentrations in May (Table 5.3), lower 
consumption rates were expected. C/N ratios in May leaves were lower (Table 5.3), indicating 
a higher food quality to herbivores (Crawley, 1983).  Possibly, the lower C/N ratio mitigated 
the metal effect. The effects of dietary N on consumption of polluted food by snails, however, 
are not known. 
Other studies investigated the effects of metal concentrations on snail food 
consumption in toxicity tests (Russell et al., 1981; Laskowski and Hopkin, 1996a; 1996b; 
Swaileh and Ezzughayyar, 2000; 2001). In many of these studies, the concentration of one 
metal was varied. The current study shows that reduced food consumption also occurs on 
natural food containing a mixture of metals. In addition, metal concentrations in naturally 
polluted leaves causing a significant effect on consumption in the current experiment were 
generally lower than effect concentrations in the food in other studies (Table 5.6). Cu and Pb 
concentrations in the polluted leaves in the current experiment were much lower than the 
EC
20(consumption)
 concentrations for juveniles determined by Laskowski and Hopkin (1996b) and 
the lowest observed effect concentrations (LOEC) found by Swaileh and Ezzughayyar (2000; 
2001). Cd concentrations in the leaves of HP (Table 5.2), which can be used as a measure of 
metal pollution in HP leaves in the consumption experiment, were also lower than Cd effect 
concentrations in the food in the experiments of Laskowski and Hopkin (1996b), Swaileh 
and Ezzughayyar (2000) and Russell et al. (1981). Only Zn concentrations in the polluted 
leaves in the current experiment were much higher than the LOEC for Zn in the study of 
Swaileh and Ezzughayyar (2001), but considerably lower than the EC
20(consumption)
 in the study 
by Laskowski and Hopkin (1996b) (Table 5.6). 
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Table 5.6. Comparison of metal concentrations (µg g-1 dw) in polluted (HP) leaves in the consumption experiment 
of the current study with concentrations (µg g-1 dw or µg g-1 food) at which effects on snail food consumption 
were found in other studies. EC
20(consumption)
=concentration in the food at which food consumption was 20 % reduced 
compared to the control. LOEC=lowest observed effect concentration. Snail species Cn, Cepaea nemoralis; Ha, Helix 
aspersa; He, Helix engaddensis. 
Referencea Species Type of effect 
concentration
Zn Cu Cd Pb
Current HP Cn - 232-447b 11-18b 0.5-41c 2.6-3.3b
1 Ha EC
20(consumption) 
juveniles
855 (Zn-mix 
treatment = 329)
248 60 5290
2 He LOEC 20 100 100 20
3 Ha EC
20(consumption)
d - - 50-100 -
a 1. Laskowski and Hopkin, 1996b; 2. Swaileh and Ezzughayyar, 2000 (Cd and Cu) and 2001 (Pb and Zn); 3. Russell 
et al., 1981.
b See Table 5.3, range April-May.
c Range lowest-highest Cd concentration characteristic for reproduction experiment (see Table 5.2. for mean).
d Range indicates food concentrations between which EC
20(consumption)
 is situated (estimated from Fig. 1. in the original 
document). The author did not indicate if snails were juvenile or adult.
Laskowski and Hopkin (1996b) included a mixed treatment consisting of four 
metals at six concentration levels in artificial food. They suggested that the decrease in food 
consumption of H. aspersa at high concentration levels was mainly due to the effect of zinc, 
but that an additive effect of metals was also noticeable. Zn concentrations in HP leaves in 
the current experiment were comparable with the EC
20(consumption)
 of the Zn-mix treatment 
in the study of Laskowski and Hopkin (1996b) (Table 5.6). It is suggested that the decreased 
consumption rates of snails receiving polluted leaves in the present experiment are also a 
combination of dominant Zn concentrations and an additive effect of other metals. 
Lower effect concentrations in the current study might only indicate that 
consumption of C. nemoralis is more sensitive to food metal pollution than other snail species, 
instead of indicating that on natural food with a mixture of metals effects on consumption in 
the field occur at lower concentrations. No standardized toxicity tests with C. nemoralis on 
artificial food investigating effects of metals on consumption have been carried out before, 
thus no comparison can be made to explore this possibility. 
In the reproduction experiment, an effort was made to investigate the effects of 
a mixture of metals on reproductive success of C. nemoralis. Reproduction could be one of 
the functions influenced by decreased consumption rates due to elevated metal levels in the 
food. 
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5.4.2. Reproduction experiment
The ranking of locations from low to highly polluted (REF-LP1-LP2-HP, see methods) is based 
on leaf and snail metal concentrations (Table 5.2). Total soil metal concentrations were not 
used to construct this order, because soil concentrations measured in strong acid digests 
are no good indicators of the biological availability of metals in the soil (Sauvé, 2002). HP 
leaf concentrations are likely to be high due to a low soil pH (4.8 ± se 0.02, determined on 
soil samples from July 2003), and low clay content (Salomons, 1995). In addition, atmospheric 
deposition from the nearby Zn factory also likely influences leaf concentrations in HP 
plants. 
We expected decreased reproductive success with increasing metal pollution 
levels, and the finding that HP snails laid no eggs is in agreement with this hypothesis. 
From the consumption experiment, it is known that consumption rates of juvenile HP 
snails on polluted leaves from HP (Fig. 5.1, treatment FpSp) were significantly lower than of 
juvenile HP snails feeding on reference leaves (Fig. 5.1, treatment FrSp). Despite decreased 
consumption rates, metal concentrations in adult snails from HP were very high (Table 5.2), 
and the accumulation and detoxification of these metals implies a major energy cost (Walker 
et al., 2001). In this way, the scope for growth and reproduction in HP snails is decreased, 
and this is suggested to be the cause of the absence of clutches in HP. In the field situation, 
juvenile snails are found at this highly polluted location as an evidence of reproduction (see 
consumption experiment), but the abundance of C. nemoralis at HP is low (observation M. 
Notten). A high susceptibility for the new conditions caused by stress could explain the 
complete absence of egg laying in the greenhouse situation. 
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Table 5.7. Comparison of metal concentrations (µg g-1 dw) in snails and leaves from the highly polluted location (HP) 
characteristic for the reproduction experiment in the current study with concentrations (µg g-1 dw or µg g-1 food) 
in snails or food at which effects on reproduction were found in other studies. EC
20(fecundity)
=concentration in the 
food at which fecundity (measured as number of hatchlings per snail) was 20 % reduced compared to the control. 
Snail species Cn, Cepaea nemoralis; Ha, Helix aspersa. 
Referencea Species Type of effect 
concentration
Zn Cu Cd Pb
Effect concentrations in snails
Current HPb Cn - 2362 435 94 48
1 Ha -c 548-1830 703-740 155 640-1240
Effect concentrations in food
Current HPb Cn - 531 7.5 23 3.0
2 Ha EC
20(fecundity)
1740 533 120 6140
3 Ha -d - - 200-400 -
a 1. Laskowski and Hopkin, 1996a; 2. Laskowski and Hopkin, 1996b; 3. Gomot-de Vaufleury and Kerhoas, 2000.
b See Table 5.2. 
c Range of snail concentrations results from the coupling of EC
20(fecundity)
 concentrations (also in table) in the study of 
Laskowski and Hopkin (1996b) with concentrations in snails per treatment after being exposed to metal polluted 
food for 120 days as given in the study by Laskowski and Hopkin (1996a).
d No eggs were produced in both treatments, and weight of genital tract organs was clearly reduced.
Metal concentrations in the snails and the food of HP were compared with 
concentrations in the literature at which effects on reproduction were found (Table 5.7). 
Zn concentrations in HP snails were higher than the range of snail concentrations in the 
experiment of Laskowski and Hopkin (1996a). HP snail concentrations, however, were 
lower (especially Pb) than snail concentrations found in the same experiment. Decreased 
reproduction in the studies of Laskowski and Hopkin (1996a; 1996b) also involved decreased 
food consumption. Metal concentrations in the polluted leaves of HP were much lower than 
the EC
20(fecundity)
 in the study of Laskowski and Hopkin (1996b). Cd concentrations in HP 
leaves were also much lower than Cd food concentrations at which reproduction effects 
were found in the study by Gomot-de Vaufleury and Kerhoas (2000) (Table 5.7). 
Similar to the consumption experiment, metal concentrations in HP leaves at which 
an effect on reproduction is suggested were generally lower than effect concentrations in 
other studies. This indicates that effects in the field occur at lower concentrations, or that C. 
nemoralis is more sensitive to metal pollution than other snail species. Reproduction effects 
on HP snails, however, were expected from a comparison with snail Zn concentrations from 
the experiments of Laskowski and Hopkin (1996a; 1996b). This was also the case, although 
to a lesser extent, for snail Cd and Cu concentrations. Snail concentrations thus are a 
better predictor of reproduction effects in HP snails. This is logic from the scope for growth 
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perspective, in which the effects of food consumption, food and snail metal concentrations 
are integrated.  
The results of mean clutch size per location for the other locations (Table 5.5) were 
not in agreement with our hypothesis. According to this hypothesis, snails from the reference 
location should have had the highest clutch size, followed by snails from LP1 and LP2. It is 
suggested that the metal concentrations in snails and other food chain compartments in 
these locations are too low to negatively affect reproductive success. Many other factors 
are more important in determining the outcome of reproduction in this situation, such as 
nutritional qualities of the food, snail size, snail age, egg size, snail colour and banding pattern 
(Wolda, 1963; Wolda and Kreulen, 1973; Baur, 1994). 
5.5. Conclusions 
This study is one of the very first in which the effects of heavy metal pollution on food 
consumption and reproduction of terrestrial snails were studied under semi-realistic field 
conditions. We found a clear negative effect of food metal pollution on consumption rates 
of C. nemoralis, irrespective of the degree of metal pollution in C. nemoralis. We also found 
strong evidence for negative effects on reproductive success, measured as numbers of 
clutches and clutch size, at high metal concentrations in the snails and the food. No negative 
effects on reproduction were observed in three other locations with low leaf and snail 
metal concentrations. We suggest that at such low concentrations other factors than metal 
concentrations in the snails or the food are more important in influencing reproductive 
success. 
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Chapter 6
General discussion
   
The main aims of this thesis were to investigate origin, transfer and effects of heavy metals 
in a terrestrial soil-plant-snail food chain in polluted ecosystems of Biesbosch National Park, 
the Netherlands. The selected food chain included the plant species Urtica dioica (stinging 
nettle) and the snail species Cepaea nemoralis (grovesnail or brown lipped snail). The metals 
investigated were zinc (Zn), copper (Cu), cadmium (Cd) and lead (Pb). The experiments 
were carried out in the field (chapters 2 and 4), and under more controlled conditions in 
the greenhouse in which the field situation was simulated (chapters 3 and 5). In this final 
chapter, the findings of the different experiments are integrated, and related to the research 
questions stated in the introduction (chapter 1). 
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6.1. Metal concentrations in and transfer through the food chain  
6.1.1. Soil metal concentrations
Soil metal concentrations in all Biesbosch locations were high (chapter 2). The results 
compare well with soil metal concentrations measured in polluted Biesbosch locations in 
earlier studies, or are lower than the maximum concentrations measured before (Table 
6.1) (Dirksz et al., 1990; Otte, 1991; Winkels and Vink, 1993; Van Doornmalen et al., 1995; 
Van der Scheer and Gerritsen, 1998). The target values set by the Dutch government were 
highly exceeded in all Biesbosch locations, and in some soils even the intervention values 
were exceeded. Based on these standards, the soils in the Biesbosch floodplains are highly 
polluted. This is also apparent from a comparison with other floodplain areas. Biesbosch 
soil metal concentrations (mean value over all four polluted locations) were about 3 times 
higher than in the other SSEO floodplain location: the Afferdensche and Deestsche Waarden 
along the river Waal (De Jonge et al., 1999; Zorn, 2004). Soil metal concentrations in the 
Biesbosch locations were on average 4-7 times higher than in the floodplains near Ochten 
(Hendriks et al., 1995), and about 3-6 times higher than soil concentrations in the Gelderse 
Poort measured in 2003 (Van den Brink et al., 2003). Soil metal concentrations in the 
Biesbosch, however, were similar or only 2 times higher than the concentrations measured 
in the Gelderse Poort in 1995 (Hendriks et al., 1995).
Table 6.1. Ranges of mean total soil metal concentrations (mg kg-1 dw) in polluted locations in the Biesbosch in the 
current study and in earlier studies carried out in this area.   
Referencea Zn Cu Cd Pb
Current (Ch. 2) 830-1658 82-351 5-17 210-431
1 1708-2303 153-370 21-26 445-675
2 2551 311 15 -
3 470-1750 65-325 3-20 99-490
4 420-1767 66-187 <0.5-16 150-490
5 2900-3500 210-450 9-21 420-840
a 1. Dirksz et al., 1990; 2. Otte, 1991 (mixed reed vegetation); 3. Winkels and Vink, 1993 (location Mariapolder); 4. Van 
Doornmalen et al., 1995; 5. Van der Scheer and Gerritsen, 1998 (sample locations 232, 242, 269, 285 and 288).
 Thus, the soils in the Biesbosch locations are in general highly polluted in comparison with 
other Dutch floodplains soils. This results from the fact that in the Biesbosch the metal loads 
of two main rivers unite, in combination with a low water current due to the delta function 
and the construction of the Delta Works. The soil metal concentrations in both reference 
122 123 Chapter 6 - General discussion
locations were similar to or below target values, and thus could be considered ‘clean’. The 
mean soil concentration was 7-14 times lower than in the polluted Biesbosch soils. 
The high pollution levels in the Biesbosch, however, were generally lower than soil 
metal concentrations measured in the vicinity of smelter works or (abandoned) mine sites. 
Soil metal concentrations measured within 500 meter of the smelting works in Avonmouth 
(UK) were on average 10 times higher for Cu and even 62 times higher for Pb than in the 
Biesbosch soils (mean value over all four polluted locations) (Spurgeon and Hopkin, 1999). 
Biesbosch soil metal concentrations were similar to concentrations measured about 2.5 km 
from the smelter, except Cu for which concentrations were comparable already 600 meters 
from the smelter. Zn and Pb soil concentrations in floodplains in the vicinity of an abandoned 
mine site in Ireland were about 7 and 14 times higher, respectively, than in the Biesbosch 
floodplains (Aslibekian and Moles, 2003). Cd soil concentrations in this location, however, 
were 3 times lower than in Biesbosch soils (Aslibekian and Moles, 2003). The degree of metal 
pollution in soils of smelter areas and mine sites depends, amongst others, on the types of 
ores present and the efficacy of pollution abatement strategies (Hopkin, 1989; Aslibekian and 
Moles, 2003). Soil metal concentrations in the smelter location Overpelt used in the current 
study were lower or comparable with Biesbosch soils (chapter 5). The sandy soil type in 
this area contains less clay particles, and thus has a lower metal binding capacity (Salomons, 
1995).
The high correlations between metal concentrations in the soil compartment in 
the current research locations indicate a similar pollution history (chapter 2). Many other 
soils in the floodplains of Meuse and Rhine also display a high correlation between metal 
concentrations (Otte, 1991; Beurskens et al., 1993; Van den Berg and Van Wijngaarden, 
2000). Metal concentrations in most Rhine/Meuse floodplain soils also show a similar trend 
with time of deposition of the sediment, and this clearly indicates that most of the metal 
pollution in these soils is derived from the severe pollution episode in the 1960s and 1970s 
(Beurskens et al., 1993; Van den Berg and Van Wijngaarden, 2000). 
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6.1.2. Leaf metal concentrations and soil-leaf transfer
Metal concentrations in stinging nettle leaves from the polluted Biesbosch locations were 
low (chapter 2). In comparison with the mean soil concentrations, the leaf concentrations 
(mean value over all four polluted locations) were 43 times lower for Zn, or even 200 times 
lower for Cd. Biesbosch leaf concentrations were maximally 3 times higher than the mean 
leaf concentrations of the reference locations. Leaf metal concentrations in the Biesbosch 
and the reference locations were on average lower than the concentrations measured in U. 
dioca leaves from 12 nature conservation areas in the Netherlands (Ma et al., 1992). Only the 
mean Cd concentration in leaves from Biesdonk, and the mean Cd and Pb concentrations in 
leaves from Merwelanden were in the same range as the leaf concentrations found by Ma et 
al. (1992). Hobbelen (2005) also measured Cd and Cu concentrations in stinging nettle leaves 
in the Biesbosch. In the leaves of 7 out of 15 locations he found higher (0.26–0.82 µg g-1 dw) 
Cd concentrations than the mean ‘background’ concentration (0.1 µg g-1 dw) measured by 
Ma et al. (1992), and the highest mean concentration in the current study (0.2 µg g-1 dw, 
location Merwelanden). This is likely to be a seasonal difference. Hobbelen (2005) sampled 
in spring, while in the current study samples were collected in summer, and it is known 
that in summer leaf metal concentrations are lower due to growth dilution (Otte, 1991). 
The variation in the metal concentrations measured by Hobbelen, however, is large. Metal 
concentrations measured in the leaves of stinging nettles in the vicinity of the Avonmouth 
metal smelter highly exceed (range minimally 21-455 times) the leaf metal concentrations 
of the Biesbosch locations (Laskowski and Hopkin, 1996b).  Zn and Cd concentrations in 
nettle leaves from Overpelt also highly exceed the concentrations in polluted Biesbosch 
leaves (chapter 5).
There were no significant differences in leaf Cu concentrations among all six 
research locations in the current study (chapter 2). Cu is an essential element for plants, and 
the absence of differences among locations indicates homeostatic regulation of Cu at the 
bioavailable Cu concentrations in the soil (Bargagli, 1998). Cu concentrations measured in 
nettle leaves from the Biesbosch by Hobbelen (2005) were also comparable with the values 
in the current study.  The regulation of essential metals is affected above certain threshold 
concentrations, and this results in elevated leaf metal concentrations such as near the 
Avonmouth smelter (Laskowski and Hopkin, 1996b). The critical Cu toxicity level in leaves 
of crop plants is about 20-30 µg g-1 dw (Marschner, 1995), and the nettle leaf concentrations 
in the current study and the research of Hobbelen (2005) are well below this range.
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The low leaf concentrations, and the absence of significant relationships between 
the soil and the leaf metal concentrations indicate little transfer of metals from the soil 
to plant leaves. This is mainly due to the low bioavailable metal concentrations in the soil. 
Hobbelen (2005) measured low pore water concentrations in the soils of Petrusplaat Oost 
and Lage Hof as well as in 15 other research locations in the Biesbosch. These pore water 
concentrations were lower than, or in the lower range of, pore water concentrations in 
relatively unpolluted soils in the Netherlands (Van Gestel et al., 1992). The low bioavailability 
of metals in the Biesbosch soils is due to a high pH, as well as a high clay and organic matter 
content (chapter 2). Besides, it is known that some elements are hardly transported to plant 
shoots, such as Pb (McLaughlin, 2002). 
6.1.3. Snail metal concentrations, soil-snail and leaf-snail transfer
Zn, Cd and Pb concentrations in Cepaea nemoralis were elevated in some or all of the 
polluted locations in comparison with the concentrations in the reference locations 
(chapter 2). In snails from location Merwelanden, all metal concentrations were elevated. 
Differences in snail Cu concentrations were not significant among the other locations. 
This could be a result of homeostatic regulation of Cu in the snails at the low bioavailable 
metal concentrations in the soils and the plant leaves (Hopkin, 1989; Beeby, 1991). Snail Cu 
concentrations in other polluted locations in the literature, except for most smelter areas, 
were also similar to the Cu concentrations in Biesbosch snails (chapter 2). Possibly, the 
regulation of Cu and Zn is hampered in snails from Merwelanden, resulting in the elevated 
internal metal concentrations. This might also be the case for snail Zn concentrations 
in Biesdonk.  Zn concentrations in snails from the other two polluted locations were 
comparable with those in the reference locations.   
Metal concentrations in snails from the Biesbosch were comparable with 
concentrations measured in snails from urban areas, such as car parks and road verges, 
although the upper values of these ranges were generally higher (Coughtrey and Martin, 
1976; 1977; Williamson, 1980; Beeby and Eaves, 1983; Beeby and Richmond, 1987; Newman 
et al., 1994; Beeby and Richmond, 2002) (chapter 2). Pb snail concentrations in the current 
study were always much lower than measured in these other studies. Metal concentrations 
in Biesbosch snails were in most cases much lower than measured in snails from the vicinity 
of metal smelters or mine sites. For example, Zn concentrations measured in snails near 
the Avonmouth metal smelter were 2-3 times higher than in Biesbosch snails (mean value 
over all locations), and this difference was as high as a factor of 55-166 for Pb. Cu and 
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Cd concentrations in snails from the Avonmouth area were about 2 and 3 times higher 
than in Biesbosch snails, respectively (Martin and Coughtrey, 1982; Hopkin, 1989). Metal 
concentrations in snails from the Belgian smelter location were also higher than in the 
Biesbosch (factor 3.5-22) (chapter 5). 
Snail Zn, Cu and Cd concentrations in the Biesbosch (mean value over all polluted 
locations) were 7.5, 13.4 and even 333 times higher than the mean concentrations in polluted 
leaves from the Biesbosch locations, respectively. This shows bioaccumulation of metals in 
snails, especially for Cd. This was also found (except 1 location for Zn) in Helix aspersa from 
23 locations with low to moderate pollution levels in the UK (Beeby and Richmond, 2002). 
Cd snail concentrations even exceeded soil concentrations in the locations Biesdonk and 
Merwelanden. Bioaccumulation of Zn, Cu and Cd was also found in the snails from the 
reference location. The results agree with the finding that metals generally accumulate in 
terrestrial snails (Hopkin, 1989; Dallinger et al., 2001). Pb did not markedly bioaccumulate 
in C. nemoralis. Beeby and Richmond (2002) did not find Pb bioaccumulation in Helix aspersa 
in half of the locations studied either. This could be due to an efficient regulation of Pb. 
Laskowski and Hopkin (1996a) found that Pb was the most efficiently regulated metal 
in a study with H. aspersa fed on polluted artificial food. Pb concentrations in the faeces 
exceeded those in the food. 
The elevated snail metal concentrations, and the positive snail-leaf and snail-soil 
relationships clearly show transfer of metals to the snails in the Biesbosch (chapter 2). The 
high coefficients of determination (r2) and the high slopes of the snail-leaf relationships in 
comparison with the snail-soil relationships, indicate that transfer of metals from plants leaves 
to snails is contributing more to metal concentrations in the snails than transfer directly from 
the soil (table 2.3). Beeby and Richmond (2002) also found significant relationships between 
snail (H. aspersa)-leaf and snail-soil metal concentrations, but their results indicated that the 
importance of both routes differed per metal investigated. Metal transfer from the soil to 
snails via soil feeding or through the skin both influence metal accumulation and toxic effects 
in snails, but the route via soil feeding is suggested to be more important (Cœurdassier et 
al., 2002; Gomot-de Vaufleury and Pihan, 2002). 
The interpretation of the results of the gradient survey (chapter 2) changes due 
to the results of the Pb isotope survey (chapter 4, see below). The leaves of the nettle 
plants sampled in both studies were rinsed with distilled water, in order to remove adhering 
soil particles as well as adsorbed atmospheric deposition. It was assumed that in this way 
only metals in the plant leaves were analysed. The results of the Pb isotope study, however, 
showed a contribution of atmospheric Pb pollution to the washed plant leaves. This suggests 
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that the washing of plant leaves with distilled water is not effective in removing atmospheric 
Pb deposition on plant leaves. The Pb isotope survey also showed a contribution of Pb in the 
atmosphere to Pb pollution in snails. Thus, Pb concentrations in plant leaves and snails shown 
in chapter 2 also include a contribution of atmospheric Pb pollution, and this influences 
the positive relationships between these food chain compartments. Possibly, this is also the 
case for the other metals studied. Nevertheless, metals are transferred to Biesbosch snails, 
and cause elevated concentrations. In addition, snail concentrations depend more on metal 
pollution levels of plant leaves than on metal levels in the soil. 
6.2. Origin of Pb pollution in the food chain 
The origin of Pb pollution in the soil-plant-snail food chain in two locations in the Biesbosch 
and the reference location Torenvalkweg was traced by means of Pb isotope ratios, which 
were determined in the compartments of the food chain as well as in rainwater and in 
airborne particulate matter (chapter 4). The anthropogenic Pb in Biesbosch soils, about 
88-95 % of total Pb, had a similar Pb isotope composition as floodplain soils of the Meuse 
about 200 km upstream (Van den Berg and Van Wijngaarden, 2000). The floodplain soils are 
polluted with Pb related to industrial activities in the hinterland of the rivers Rhine and 
Meuse. A similar pollution origin was found for the anthropogenic Pb, about 50 % of total Pb, 
in the soil of the reference location Torenvalkweg. This result is obvious if the history of this 
location is taken into account. Before reclamation from the sea, river IJssel, a branch of river 
Rhine, discharged into this area. 
Investigating Pb isotope ratios in the soil only traces the origin of Pb, and does not 
reveal the sources of pollution of the other metals. Nevertheless, it can be assumed that the 
other metals in the floodplain soils were derived from industrial sources that were similar 
to those of Pb. Several industrial processes, such as the burning of fossil fuels, like coal, and 
smelting activities are not only a source of Pb, but also of Cd, Cu and Zn (Alloway, 1990; 
Baker, 1990; Davies, 1990; Kiekens, 1990; Pain, 1995). 
The Pb isotope composition of snails and plant leaves from the studied locations 
was similar, and this indicates a similar Pb origin (chapter 4). Both sediment-derived Pb as 
well as contemporary atmospheric Pb pollution contribute to Pb pollution and Pb transfer 
in plant leaves and snails in all studied locations. Several transfer routes that involve low 
concentrations contribute to the mixture of sediment-derived Pb and atmospheric Pb in 
plant leaves and snails (Fig. 6.1, letters in the figure correspond with the letters between 
brackets in the subsequent text). The routes via atmospheric deposition (a) involve low 
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concentrations. Nowadays, Pb concentrations in the atmosphere are low (about 15 ng 
m-3) (Buijsman, 2004), and the Pb concentrations in airborne particulate matter from the 
Biesbosch were in agreement with this (chapter 4). The source of Pb in the atmosphere is 
not related to traffic anymore, due to the phase out of leaded fuel (RIZA, 2003; Buijsman, 
2004) (chapter 4). Pb isotope ratios of the soil show that atmospheric Pb pollution is not 
highly contributing to Pb pollution levels in the soils of the selected research locations. If 
the opposite had been true, the Pb isotope ratios of the soils should have been more similar 
to the Pb isotope ratios in rainwater and airborne particulate matter (chapter 4). Thus, Pb 
taken up from the soil is mainly the ‘old’ sediment-derived Pb pollution in the soils. Pb in the 
soil transfers to plants from uptake via the roots (b), and directly to snails via soil feeding 
or through the skin (c). The bioavailability of metals in the soils of the research locations, 
however, is low (chapter 2). Direct soil transfer of metals to snails is not the most important 
transfer route of metals (chapter 2), but will mainly consist of the transfer of sediment-
derived Pb to snails. Transfer of Pb to the snails via feeding on plant leaves (d) contributes 
most to metal pollution levels in snails (chapter 2). These plant leaves contain a mixture of 
sediment-derived Pb taken up via the roots and atmosphere-derived Pb adhered to the leaf 
surface. 
Fig. 6.1. Transfer routes of metals to and between the compartments of the soil-plant-snail food chain (equal to 
Fig. 1.5). The possible transfer routes, represented by letters, are discussed in the text in relation to the mixture of 
sediment and atmosphere-derived Pb that involve low concentrations. 
Atmosphere
Snail
Plant leaves
Soil
a
d
b
a a
c
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These relationships explain the Pb isotope composition of plant leaves and snails 
from the studied locations. Unfortunately, the exact contribution of Pb in the atmosphere 
to Pb pollution in plant leaves and snails cannot be given. Natural Pb in the soil is not highly 
contributing to Pb pollution in plant leaves and snails. This is clear from the results of the 
reference location, in which the contribution of anthropogenic Pb to the total Pb present in 
the soil was about 50 %. If natural Pb was taken up in substantial amounts, leaf and snail Pb 
isotope ratios of this location should have been higher. Thus, anthropogenic Pb in the soil is 
most available for plant and animal uptake in comparison with natural lead.
Possibly, atmospheric deposition of Cu and Zn also contributes to metal pollution 
in plant leaves and snails in the studied locations. The Zn concentration in the atmosphere 
is about 30 ng m-3 (Buijsman, 2004), and Cu concentrations in the atmosphere vary between 
10-25 ng m-3 in background areas to even 25-200 ng m-3 in industrialized areas (Mennen et 
al., 1998). These concentrations are comparable or higher than the Pb concentrations in the 
atmosphere, and could possibly contribute to Zn and Cu pollution in the food chain. The Cu 
and Zn concentrations involved in the other transfer routes and the concentrations in plant 
leaves and snails, however, also play a role. The current Cd concentration in the air (about 
0.3 ng m-3) is very low (Buijsman, 2004), and a substantial contribution of atmospheric Cd to 
Cd pollution levels in plant leaves and snails is not likely.
6.3. Effects of metal pollution on the food chain 
6.3.1. Effects of metal pollution on stinging nettles
No experiments were carried out to investigate possible sub-lethal effects of chronic 
and diffuse metal pollution on stinging nettles in the Biesbosch. Based on the low leaf 
concentrations, no toxic effects on these plants are expected. The Zn and Cu concentrations 
in the leaves were far below the range of leaf concentrations that cause Zn and Cu toxicity 
in crops (100-300 µg g-1 dw Zn and 20-30 µg g-1 dw Cu) (Marschner, 1995). Cd and Pb 
leaf concentrations were also much lower than concentrations at which toxic effects 
were detected in crops, such as pea and beet. For example, physiological and biochemical 
responses in peas were found at Cd shoot concentrations ranging between 20-70 µg g-1 dw. 
Effects on growth, net photosynthesis and water content of beet were found at Cd shoot 
concentrations exceeding 200 µg g-1 dw. Pb only caused moderate effects on beet growth at 
Pb shoot concentrations exceeding 500 µg g-1 dw. 
128 129 Chapter 6 - General discussion
Otte (1991) discussed the absence of metal tolerant plant species, like Viola 
calaminaria (‘zinkviooltje’), in the Biesbosch floodplains, despite the soil concentrations being 
comparable with an area prone to industrial metal effluents in which a decreased variety 
of plants was found.  He wondered if there had not been enough time to establish a metal 
tolerant vegetation in the polluted Biesbosch floodplains. He suggested that a low availability 
of metals in the Biesbosch was the most obvious explanation for the absence of metal 
tolerance, but concluded that adverse effects of metal pollution on the vegetation could 
not be excluded. Now, about 15 years later, still no visual signs of toxicity, or the growth of 
known metal tolerant plant species is observed. Also from this point of view, it is concluded 
that there are no toxic effects of metal pollution on stinging nettles in the Biesbosch. 
6.3.2. Effects of metal pollution on Cepaea nemoralis snails
In this study, mainly the effects of metal pollution on snails were investigated. These were the 
organisms in the food chain on which effects were most likely to occur, due to the elevated 
internal metal concentrations in Biesbosch snails (chapter 2). Heavy metals in snails can 
affect food consumption, growth, reproduction and survival. If organisms in the food chain 
are affected by metal pollution, this could influence the functioning of the food chain and 
the entire ecosystem (Hopkin, 1989). All these aspects of metal pollution in relation to the 
situation in the Biesbosch are discussed below. 
Effects of metal pollution on snail food consumption
The effects of metal pollution in food (nettle leaves) on consumption by C. nemoralis were 
studied in the consumption experiment (chapter 5). The experiment was conducted using 
snails and stinging nettle leaves both originating from the reference location Torenvalkweg 
and the highly polluted smelter location Overpelt (Belgium). Zn and Pb concentrations in 
the highly polluted leaves from the smelter location were at least 9 times higher than in 
leaves from the reference location. The experiment showed a clear negative effect of these 
high metal pollution levels in nettle leaves on consumption rates by juvenile C. nemoralis, 
independent of the degree of snail metal pollution. 
The experiment did not include snails or nettle leaves from any of the selected 
Biesbosch locations. From the finding that the degree of snail metal pollution did not affect 
consumption rates in this experiment, it was assumed that Biesbosch snails would have 
shown a decreased consumption on highly polluted leaves as well. The effects of heavy metal 
pollution in Biesbosch leaves on food consumption by Biesbosch snails can be estimated 
using the leaf concentrations measured in the field survey (chapter 2).
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 Leaf Zn concentrations in Biesbosch nettle leaves (mean over all four polluted 
locations) were much lower (at least 8 times) than Zn concentrations in the highly 
polluted nettle leaves from the smelter location (chapter 5, consumption experiment). Cd 
concentrations in nettle leaves from the smelter location were highly variable (chapter 
5, reproduction experiment), but the mean Cd concentration in Biesbosch leaves was at 
least 8 times lower than the concentrations in leaves from Overpelt. These differences 
are considerable. In addition, Laskowski and Hopkin (1996b) suggested that mainly Zn 
concentrations in the food were responsible for the decrease in food consumption in an 
experiment with Helix aspersa kept on a diet containing a mixture of metals. From these 
findings, it is expected that the Zn and Cd concentrations in Biesbosch leaves are too low to 
cause an effect on food consumption of Biesbosch snails. 
Cu concentrations in leaves from the Biesbosch and the highly polluted location 
Overpelt were comparable, and were also similar to Cu concentrations in the leaves 
from the reference location Torenvalkweg. Therefore, it is expected that Cu is not 
responsible for observed or possible effects on leaf consumption at this concentration 
range. Pb leaf concentrations in the polluted Biesbosch location Merwelanden were 
similar to the Pb concentrations in leaves from the smelter location at which an effect 
on food consumption was found. Possibly, this affects food consumption in the snails from 
Merwelanden. Nevertheless, it is not expected that these Pb concentrations play a decisive 
role in causing an effect on food consumption. Based on this information, it is expected that 
consumption rates of C. nemoralis in the Biesbosch locations are not negatively affected at 
the metal concentrations in Biesbosch leaves. Based on literature data, an effect on snail 
food consumption in the Biesbosch is not expected either. Food concentrations at which 
negative effects were found in literature (chapter 5, Table 5.6) were always much higher than 
Biesbosch leaf concentrations. 
Snails from the Belgian smelter location, on the contrary, clearly showed reduced 
food consumption rates on metal polluted leaves. The concentrations in the highly polluted 
leaves were generally lower than concentrations in artificial food that caused consumption 
effects in other toxicity tests (chapter 5). This could be due to the use of natural leaves 
polluted with a mixture of metals, thus indicating that in the field consumption effects due to 
metal pollution of the food occur at lower concentrations. On the other hand, it is possible 
that C. nemoralis is more sensitive to metal polluted food than other snail species. No 
standardized toxicity tests with C. nemoralis on artificial food nor on natural food have been 
carried out before, thus no comparison can be made between species in order to investigate 
this latter possibility. Decreased food consumption, thus a decreased intake of energy, by the 
snails from the smelter location possibly affects the fitness of these snails. 
130 131 Chapter 6 - General discussion
Effects of metal pollution on snail reproduction 
Heavy metal pollution can affect growth and reproduction of organisms from a combination 
of decreased consumption, thus energy intake, and the need (thus energy) to accumulate 
and detoxify the ingested metals (Walker et al., 2001). In this way, less energy is left to invest 
in growth and reproduction: ‘the scope for growth and reproduction’ is decreased. Effects 
of metal pollution on snail reproduction were investigated in an experiment that included 
soil, food and snails from two Biesbosch locations (Petrusplaat Oost and Merwelanden), the 
highly polluted location Overpelt and the reference location Torenvalkweg (chapter 5). 
No negative effects on egg production of snails from the Biesbosch locations 
and the reference location were found. Based on literature data, no negative effects were 
expected either. Metal concentrations in Biesbosch snails were much lower than snail 
(H. aspersa) concentrations in the experiment of Laskowski and Hopkin (1996a). These 
snails were exposed to metal concentrations in the food that negatively affected fecundity 
(number of hatchlings per snail) in another experiment by the same authors (Laskowski 
and Hopkin, 1996b)(chapter 5, Table 5.7). In their experiment, for example, Zn and Cu snail 
concentrations ranged between 548-1830 and 703-740 µg g-1 dw, respectively, while mean 
Zn and Cu concentrations in Biesbosch snails ranged between 167-304 µg g-1 dw and 84-
201 µg g-1 dw, respectively. Metal concentrations in Biesbosch leaves were also much lower 
than food concentrations that caused reproduction effects in other studies (see chapter 5) 
(Laskowski and Hopkin, 1996b; Gomot-de Vaufleury and Kerhoas, 2000). 
Snails in some of the Biesbosch locations, however, had elevated metal concentrations 
compared to the reference locations (chapter 2), and the accumulation and detoxification of 
these metals requires energy. It is possible that this affects the functioning of snails, but that 
the measurement of clutch size is not sensitive enough to detect this. Differences between 
metal concentrations in snails from the Biesbosch and the reference location, however, 
were relatively small. Possibly food quality, for example measured as nitrogen content, in the 
Biesbosch plants is higher, and at current food consumption rates sufficient energy is taken 
in to fulfil the additional requirements for accumulation and detoxification of metals. Some 
of the results of the consumption experiment suggested that a high food quality mitigates a 
negative metal effect (chapter 5). Differences in food quality could also be responsible for the 
significantly higher egg production by snails from Petrusplaat Oost in comparison with snails 
from Merwelanden and Torenvalkweg. Besides nutritional qualities of the food, also snail size, 
snail age, egg size, snail colour and banding pattern, amongst others, influence reproductive 
success (Wolda, 1963; Wolda and Kreulen, 1973; Baur, 1994). 
Snails from the highly polluted smelter location did not produce eggs in the 
greenhouse situation. This is in agreement with the suggestion that the decreased 
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consumption shown earlier, in combination with the accumulation and detoxification of 
metals, negatively affects reproduction. A comparison with literature data showed that 
internal snail concentrations were a better predictor of reproduction effects than food 
metal concentrations (chapter 5). Zn concentrations, and to a lesser extent Cu and Cd 
concentrations, in the snails of Overpelt were higher or comparable with snail concentrations 
at which reproduction effects were found in other studies, while concentrations in nettle 
leaves from Overpelt were much lower than food concentrations at which effects were 
found earlier (chapter 5) (Russell et al., 1981; Laskowski and Hopkin, 1996a; 1996b; Gomot-
de Vaufleury and Kerhoas, 2000). 
Effects of metal pollution on mortality and growth of snails
The current study did not investigate possible effects of metal pollution in the Biesbosch on 
mortality and growth of C. nemoralis. Obviously, from the occurrence of C. nemoralis in the 
Biesbosch locations, it can be concluded that elevated snail and food metal concentrations 
do not have a lethal effect on C. nemoralis in the Biesbosch. 
The effects of metal concentrations in artificial food on the growth of related 
snail species such as Helix aspersa and Helix engaddensis have been studied in laboratory 
toxicity tests (Gomot-De Vaufleury, 2000; Swaileh and Ezzughayyar, 2000; 2001). Leaf metal 
concentrations in the Biesbosch (chapter 2) were much lower than food concentrations at 
which no effect was found in these studies. For example, Cu and Cd leaf concentrations were 
at least 2 to even 250 times lower than the no observed effect concentrations  in the study 
by Swaileh and Ezzughayyar (2000), respectively (NOEC=20 and 50 µg g-1 for Cu and Cd, 
respectively). Zn concentrations in Biesbosch nettle leaves (range 18-38 µg g-1 dw), however, 
were similar or higher than the Zn concentration at which no effect was observed (20 µg 
g-1) in another study by Swaileh and Ezzughayyar (2001). The difference between these metal 
concentrations, however, is small, and the lowest Zn concentration at which an effect was 
found in the experiment by Swaileh and Ezzughayyar (LOEC=100 µg g-1) was much higher. 
Metal concentrations in adult Biesbosch snails were lower (minimally 2, 3, 4 and 
86 times lower for Cu, Zn, Cd and Pb, respectively) than metal concentrations in juvenile 
H. engaddensis on which clear effects on growth were measured after being exposed 
to metal polluted food for 5 weeks (Swaileh et al., 2002). Because it is often found that 
metal concentrations in snails increase with age and weight (Coughtrey and Martin, 1977; 
Williamson, 1979), metal concentrations in juvenile C. nemoralis would also have been lower 
than the effect concentrations in juvenile H. engaddensis. Based on these findings, a negative 
effect of metals in Biesbosch leaves on Biesbosch snail growth is not expected.  
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Absence of effects of metal pollution on snails in the Biesbosch
The results of this study show no sub-lethal effects on snails from the Biesbosch, despite 
the elevated metal concentrations in the snails. The metal concentrations in nettle leaves 
and snails are too low to affect snail fitness. Possibly, the snails can cope with the low 
available metal concentrations in the soil and the diet due to an efficient excretion system. 
The experiment described in chapter 3 showed that excretion of Cd via the mucus is 
contributing to Cd excretion at low food concentrations, in addition to Cd excretion via the 
faeces. Probably also other metals are excreted via the mucus of snails. However, from this 
experiment no conclusions can be drawn about the regulation of a mixture of metals at low 
food concentrations. 
Some responses to metal pollution in snails are possibly related to adaptation, such 
as the binding of Cd to metallothioneins (Dallinger et al., 1997) and the reduction of shell 
mass (Beeby et al., 2002). Metallothioneins are low molecular weight proteins with a high 
affinity for certain metals, and the accumulation of Cd in the snail’s digestive gland is partly 
due to the binding with metallothioneins (Dallinger et al., 2001). Binding to metallothioneins 
plays a role in metal adaptation in the fruit fly Drosophila melanogaster, the aquatic oligochaete 
Limnodrilus hoffmeisteri, and the springtail Orchesella cincta (Sterenborg, 2003). Beeby et al. 
(2002) found that shell mass was reduced in snails on Pb polluted food, and that less calcium 
and magnesium was used to reinforce their shells. They related these findings to a possible 
adaptation to Pb due to an increased Ca turnover resulting in increased Pb excretion. The 
exact mechanisms of these responses are still unknown, and it is yet unclear if these have a 
genetic basis. 
It is, however, doubtful that the low snail and food concentrations in the Biesbosch 
exert sufficient selective pressure to induce an adaptation to metal pollution. The responses 
found by Dallinger et al. (1997) and Beeby et al. (2002) induced a response at Cd and Pb food 
concentrations of 3.5-955 µg g-1 and 500 µg g-1, respectively. These concentrations highly 
exceed nettle leaf concentrations in the Biesbosch (chapter 2). Also Cd concentrations in 
the digestive gland of C. nemoralis (data not shown in this thesis) were much lower than Cd 
concentrations in the digestive gland of Helix pomatia at which synthesis of metallothioneins 
was induced (Dallinger et al., 1997). In chapter 3 it was suggested that the regulation of snail 
Cd levels at low food concentrations is effective because no metallothioneins are induced 
at the low food and snail concentrations. The Cd is not tightly bound in the digestive gland, 
and partly excreted via the mucus.
The results of this study suggest that metal pollution is not an important factor 
influencing the functioning of the selected food chain in the Biesbosch. Other factors, 
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such as temperature, humidity, food abundance, food quality and predators, could be more 
important. This is in agreement with Hobbelen (2005), who studied transfer and effects 
of metals on detritivorous communities in the Biesbosch in the framework of SSEO.  He 
found no clear effects of metal pollution on the structure and functioning of detritivorous 
communities, and concluded that heavy metal pollution was not a dominant factor. Hobbelen 
(2005) suggested that other factors, such as the degree of isolation of the field locations, soil 
organic matter content and occasional flooding of the locations, were more important than 
metal pollution, or that the absence of effects could be due to an adaptation of detritivores 
to metal pollution.
Zorn (2004) studied interactions between heavy metal pollution, flooding and 
earthworms in the Afferdensche and Deestsche Waarden in the framework of SSEO, and 
showed that periodical flooding was more important in affecting earthworm populations 
than heavy metal pollution in this floodplain area. An important finding was that the 
maturation weight of earthworms from the frequently inundated area was decreased. In 
this way, one life cycle can be completed before the next flooding period. It is expected 
that current flooding dynamics in the selected Biesbosch locations do not highly affect 
the selected food chain. Only two of the four locations in the Biesbosch are regularly or 
sporadically inundated (Lage Hof and Merwelanden, respectively). No data was collected 
on the frequency, duration and height of flooding in these two locations. Fluctuations in the 
water levels, and thus flooding, in the Biesbosch are determined by the tidal influence, the 
water levels in the rivers Rhine and Meuse and the water level in the North Sea (Van den 
Berg, 1998). From personal observations it is known that snails escape from rising water 
tables by climbing in plant stems, and a large direct effect of inundation on snail mortality is 
excluded. Besides, stinging nettles do not grow on the wettest terrestrial soils. This habitat is 
occupied by reed vegetation, and is inundated first and most frequently if flooding occurs. 
Effects of metal pollution on other food chains 
Metal pollution in floodplains is not an important factor influencing the food chains studied 
in this thesis and by Hobbelen (2005) and Zorn (2004). Metals, however, could accumulate 
at higher trophic levels in the Biesbosch, and affect the functioning of primary and secondary 
predators and the associated food chains (Hopkin, 1989). Based on a brief investigation of 
literature (chapter 2), it was concluded that an effect of metal pollution on shrews in the 
Biesbosch could not be excluded. Hamers et al. (submitted) carried out an extensive risk 
assessment of heavy metals as well as organic pollutants for a herbivorous and carnivorous 
small mammal food chain in the Biesbosch. They concluded that both the herbivorous 
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and the carnivorous food chains, including the bank vole (Clethrionomys glareolus) and the 
common shrew (Sorex araneus), respectively, could be at risk by exposure to heavy metals in 
the Biesbosch. PAHs do not substantially contribute to the overall risk in the studied food 
chains, but a contribution of PCBs cannot be excluded (Hamers et al., submitted). Heavy 
metals pose a larger risk for the carnivorous food chain, and this result is in agreement 
with the findings in a field study carried out in the vicinity of a copper refinery (Hunter et 
al., 1987). The accumulation of Cd in the kidneys of reintroduced beavers (Castor fiber) in 
the Biesbosch, which mainly feed on the bark of willows, is suggested to be a main factor 
contributing to the slow population growth of this beaver population in comparison with 
other reintroduced populations (Niewold and Lammertsma, 2000). 
Snails in the highly polluted location Overpelt do suffer from the elevated heavy 
metal levels in their environment. Both leaf consumption rates and reproduction of C. 
nemoralis from this location are highly affected (chapter 5). Metal pollution in this location 
also influences other parts of the food web and consequently ecosystem processes. The 
soil is covered with a thick litter layer (personal observation). This is likely to result from 
an impaired litter breakdown caused by the absence of invertebrates due to the high metal 
levels. This is a well-known ecosystem effect of metal pollution, and is also found in locations 
close to the Avonmouth primary smelter in the UK and a brass mill in Sweden (Hopkin, 
1989). Normally, detritivores fragment the litter, and their faeces are better accessible for 
attack by microbes that finally decompose the litter (Hopkin, 1989). Snails also include litter 
in their diet (Wolda et al., 1971; Speiser, 2001), and thus also play a role in the decomposition 
process (Hopkin, 1989). The abundance of C. nemoralis in the smelter location is low 
(personal observation), and this also contributes to the impairment of litter decomposition 
in this location. 
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6.4. Findings of this thesis in the context of Biesbosch National 
Park in the future  
The nature conservation and development policy of Biesbosch National Park was evaluated 
recently, and reformulated for the next decade (ONPB, 2004). The conservation policy for 
Biesbosch National Park focuses at the reinforcement of ecological values, in which the 
recovery of the tidal influence is an important goal. It was recognised that the tremendous 
effects of the decrease of the tidal influence in the area should be reverted. In addition, 
the conservation policy aims at a larger coherence between the three Biesbosch areas 
(Brabantse, Sliedrechtse and Dordtse Biesbosch). The policy also aims at connecting to and 
integrating with measures that are intended to enlarge the water buffering capacities of the 
Dutch rivers in order to prevent periods of excessive flooding (ONPB, 2004). Besides, the 
Biesbosch is part of the main ecological structure (‘Ecologische Hoofd Structuur: EHS’) that 
is realised, and should form a united area of nature conservation areas and corridors across 
the Netherlands. 
The remediation of polluted sediments, for example by excavation or capping with 
cleaner sediments, will be carried out as much as possible in combination with intended 
nature development projects. In dynamic aquatic systems with a high input of fresh sediment, 
the quality of the sediment will improve in a natural way, due to the deposition of cleaner 
particles (Den Besten and Van den Brink, 2005). An integral remediation of polluted 
Biesbosch sediments is not an option, due to the enormous costs and the destruction of 
valuable habitats (ONPB, 2004).  
Recently, the Dutch government decided to set ajar the sluices in the Haringvliet, 
and this is the starting-point for the recovery of the tidal influence in the Biesbosch 
(minVWS and minLNV, 2004). From the 1st of January 2008, the sluices will be moved 10 % 
upwards for most of the time. This first step will not greatly increase the tidal amplitude nor 
enhance the recovery of estuarine habitats (ONPB, 2004). This step, however, is necessary 
to gain experience with the new management, and to spread the costs over time. It is 
especially important that the intake of freshwater for drinking water can keep on functioning 
properly. Finally, the intention is to move the sluices upwards for 33 %, and to close them 
only during spring tide (RWS, 1999; ONPB, 2004). This will highly enlarge the tidal influence 
in the Biesbosch. When this phase is implemented is not yet known, and depends on the 
experience gained during the first phase. 
Plant species characteristic for a tidal area will return in the ‘new’ intertidal areas, 
including a larger cover of reed and rushes such as the triangular club-rush (Scirpus triqueter; 
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‘driekantige bies’) (RWS, 1999). The intertidal areas are not the most suitable habitat for 
nettles, and the coverage of nettles will greatly decrease (RWS, 1999). The soil-nettle-snail 
food chain will not be characteristic for the Biesbosch anymore. It is obvious that the return 
of the tidal influence and the recovery of associated habitats outweigh the decrease of nettle 
areas. 
The new water management strategy might also influence transfer and effects of 
heavy metals in the Biesbosch. It is expected that, on the short as well as on the long term, 
the quality of the aquatic sediment will not greatly change due to the new water management 
(RWS, 1999). The increase of intertidal areas in the Biesbosch, however, will result in more 
dynamic hydrological conditions in the current terrestrial parts of the Biesbosch (RWS, 
1999; ONPB, 2004). Fluctuating water tables result in fluctuating reductive and oxidative soil 
conditions as well, and these cause, amongst others, decalcification of soils (Hin et al., 1995; 
Van den Berg and Loch, 1995). Strong decalcification will lead to a decrease in pH-values 
and an increase in the bioavailability of metals (Van den Berg and Loch, 1995). Many factors 
influence decalcification and metal availability in such dynamic systems, such as the initial 
CaCO
3
 and organic matter content of the sediment, and the duration and frequency of 
inundation (Hin et al., 1995; Van den Berg, 1998). It is difficult to predict the extent to which 
the bioavailability of metals will increase, and whether this will initiate effects on the food 
chains in the intertidal areas, but such negative changes cannot be excluded. 
Although the nettle-snail food chain will not be abundant in the true intertidal 
areas, nettles do survive in less frequently flooded habitats outside this zone. Effects of an 
increased metal availability on the soil-nettle-snail food chain in such areas on the long term 
cannot be excluded. This is also the case for the non-flooded, true terrestrial, areas. The soils 
in the terrestrial areas are rather young, and decalcification due to soil ripening in these 
soils could also cause a higher bioavailability of metals in the soil (Hin et al., 1995), although 
the current soil ripening condition of the soils in the Biesbosch locations is not known. If 
metal bioavailability does increase, this will result in increasing metal concentrations in plant 
leaves and snails, and might ultimately affect snail fitness. Nevertheless, in the near future, the 
conclusions drawn in this thesis seem applicable for most types of terrestrial areas were the 
soil-nettle-snail food chain is characteristic. In the Lage Hof location, which is most regularly 
flooded of all selected locations, a low bioavailability of metals was found even 35 years 
after the construction of the sluices in the Haringvliet and the Volkerak. The highest metal 
concentrations in plant leaves and snails were found in the sporadically flooded location 
Merwelanden, indicating a higher bioavailability of metals. The high pH of the soil in this 
location, however, is not indicative for a decalcified soil, and the elevated bioavailability is due 
to a low soil organic matter and clay content. 
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6.5. Conclusions 
This research shows transfer of heavy metals to and within the terrestrial soil-plant (U. 
dioica)-snail (C. nemoralis) food chain in polluted ecosystems of Biesbosch National Park. 
The ‘old’ pollution in the soil, derived from flooding and sedimentation processes during 
the 1960s and 1970s, still contributes to food chain transfer of metals. This old pollution 
contains metals related to industrial activities in the hinterland of the rivers Meuse and 
Rhine. Contemporary atmospheric Pb pollution also contributes to Pb pollution levels in 
plant leaves and snails, despite the low Pb concentrations in the atmosphere. The elevated 
concentrations in nettle plants and C. nemoralis snails do not cause sub-lethal effects on 
consumption and reproduction of snails in the Biesbosch, and effects on growth are not likely 
either. The excretion of Cd, and perhaps other metals, via the mucus is possibly contributing 
to the absence of sub-lethal effects on snails at the low bioavailable metal concentrations in 
the soils and nettle leaves of the Biesbosch floodplains. 
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Summary
Origin, transfer and effects of heavy metals in a 
soil-plant-snail food chain in polluted ecosystems 
of Biesbosch National Park
Introduction and research questions
Emissions of heavy metals result in pollution of the soil, the atmosphere and the hydrosphere, 
and this metal pollution is a potential threat to the health of humans and ecosystems. The 
long-range transport of fine particles causes diffuse pollution of heavy metals. In addition, 
metal pollution is of a chronic nature, because heavy metals are not biodegradable. Despite 
environmental control measures, metal pollution from the past is still present in soils and 
sediments, and may still cause elevated metal levels and negative effects on ecosystems. In 
the Netherlands, the Stimulation Programme System-oriented Ecotoxicological Research 
(SSEO) was started in 1999 to promote scientific knowledge about the reaction of 
ecosystems to chronic and diffuse pollution. The research described in this thesis is part of 
the SSEO programme. 
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Biesbosch National Park is an area exposed to chronic and diffuse pollution of 
heavy metals and other pollutants. This park, situated in the western part of the Netherlands, 
is the floodplain area in which the rivers Rhine and Meuse join. Both rivers contained high 
loads of heavy metals in the 1960s and 1970s, and polluted sediments were deposited in the 
floodplains. These polluted layers of sediment are still present. This study investigates heavy 
metals in a terrestrial soil-plant-herbivore food chain in the Biesbosch. A characteristic soil-
plant-herbivore food chain was selected, including the plant species Urtica dioica (stinging 
nettle) and the snail Cepaea nemoralis (grovesnail or brown-lipped snail). Both species are 
very common in the Biesbosch. They often occur together, because C. nemoralis includes 
stinging nettle leaves in its diet. 
In this research, three main research questions were formulated:
1. What is the extent of metal transfer through the soil-plant-snail food chain?
2. What is the origin of Pb in the soil-plant-snail food chain?
3. What are the effects of heavy metals on the organisms in the food chain?
The heavy metals studied were zinc (Zn), copper (Cu), lead (Pb) and cadmium (Cd). Four 
polluted research locations were selected in the Biesbosch, and two relatively ‘clean’ 
reference locations were selected outside this area. In addition, a highly polluted location 
was selected near a Zn factory in Belgium.   
Food chain transfer of metals
In the first field survey (chapter 2), the extent of metal transfer in the soil-plant-snail food 
chain was investigated by determining the concentrations of Zn, Cu, Cd and Pb in the 
compartments of the food chain in the six research locations. Total soil metal concentrations 
in the polluted locations were 4-20 times higher than those in the reference locations, and 
the Dutch soil quality standards were exceeded for all metals. Positive relationships between 
the generally low leaf concentrations and the soil concentrations were found for Zn only. 
Bioaccumulation of Zn, Cu and Cd was observed in the snail tissues. Positive relationships 
between snail and leaf concentrations were found for all metals. The relationships between 
snail and soil concentrations were also positive, except for Cu. These results suggest 
transfer of metals to C. nemoralis from U. dioica leaves and the soil. The higher coefficients of 
determination of the snail-leaf relationships compared to the snail-soil relationships suggest 
that metal transfer from polluted leaves to C. nemoralis was more important than from the 
soil. The bioavailability of metals in the soils was low, and transfer of metals to plant leaves 
was not an important transfer route.
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Leaf-snail Cd transfer
To investigate metal transfer from nettle leaves to snails more extensively, cadmium 
accumulation in C. nemoralis snails was studied at low, but field-relevant Cd concentrations 
in the diet (U. dioica leaves) (chapter 3). U. dioica plants were grown at six different Cd 
concentrations (six treatments) on nutrient solution in the greenhouse, resulting in leaf 
Cd concentrations between 0 and 2.6 μg g-1 dw. Seven snails per treatment, originating 
from the reference location Torenvalkweg, were fed with Cd loaded leaves for 38 days. 
Leaf Cd concentrations did not affect food consumption rates, and consequently Cd 
intake rates increased with increasing leaf concentrations. No differences were detected 
among treatments in the final soft tissue Cd concentrations and body burdens in the snails. 
Regression analyses showed no positive relationships between either snail Cd concentrations 
or body burdens and total Cd intake. The results suggest a regulation of internal Cd levels at 
low Cd food concentrations. Snail shells were no sinks for Cd. The results of an additional 
experiment investigating the Cd content in snail mucus showed that Cd is excreted in the 
mucus. The data suggest that Cd excretion via the mucus plays a substantial role in the 
suggested regulation, in addition to Cd excretion via the faeces. 
Origin of Pb pollution
Metal concentrations in food chain compartments do not reveal the origin of metal pollution. 
For Pb this can be studied by means of Pb isotope ratios, because various Pb products have 
different Pb isotope ratios. The origin of Pb pollution in the soil-plant-snail food chain in two 
polluted locations in the Biesbosch and the reference location Torenvalkweg was studied in 
a field experiment (chapter 4). Possible lead origins in the food chain could be anthropogenic 
lead from the soil and the atmosphere, and natural Pb in the soils. It was expected that in the 
Biesbosch mainly anthropogenic Pb from the soil was still contributing to the Pb pollution 
in plant leaves and snails. In the reference location, which has low soil Pb concentrations 
and is not situated in a floodplain area, a different mixture of Pb origins was expected. Pb 
isotope ratios were determined in soil, litter, plant leaves and snails, as well as in rainwater 
and airborne particulate matter to characterize the Pb isotope composition of atmospheric 
Pb pollution. Anthropogenic Pb in Biesbosch soils (88-95 % of total Pb) and the reference 
location (about 50 % of total Pb) was derived from deposition of Pb polluted river sediments. 
Discharging rivers influenced the reference location before being reclaimed from the sea. 
The river sediment contains anthropogenic Pb from various sources related to industrial 
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activities in the hinterland of the Meuse and Rhine. In contrast with to the soil compartment, 
Pb in the atmosphere contributed substantially to the Pb pollution and Pb transfer in plant 
leaves and snails in all locations. Pb pollution in plant leaves and snails can be explained best 
as a mixture of river sediment-Pb and atmospheric Pb from various transfer routes that 
involve low concentrations. The exact contribution of Pb in the atmosphere to Pb pollution 
in leaves and snails cannot be given. Natural Pb in the soil did not highly contribute to Pb 
pollution levels in leaves and snails in any location.
Effects of metals on snail food consumption and reproduction
The effects of metal pollution on snails were studied in two experiments using natural food 
(U. dioica leaves), snails and soil in order to simulate the field situation (chapter 5). In the 
first experiment, the effects of the degree of leaf and snail metal pollution on snail food 
consumption were studied. In an experiment with a crossed-factorial design, leaves from 
the reference location Torenvalkweg and the highly polluted location in Belgium were fed to 
snails originating from both areas. The snails fed on polluted leaves showed significantly lower 
consumption rates than the snails fed on leaves from the reference location, independent 
of the degree of snail metal pollution. The metal concentrations in leaves from the polluted 
Biesbosch locations were generally lower than the concentrations in the highly polluted 
leaves used in this experiment. Effects of metal pollution in Biesbosch leaves on consumption 
of Biesbosch snails thus are not likely. In the second experiment, the effects of metal pollution 
on reproduction were investigated. Snails from two Biesbosch locations, the reference 
location Torenvalkweg and the highly polluted location in Belgium were kept on natural soil 
and food in the greenhouse in order to reproduce. There was no clear relationship between 
clutch size and heavy metal pollution for the reference location and the Biesbosch locations. 
In the highly polluted location, however, no eggs were laid at all in the greenhouse situation. 
This suggests that at these high levels of metal pollution, reproduction is strongly negatively 
affected. This is likely to be the result of a combination of a decreased consumption and an 
increased demand of energy for the accumulation and detoxification of metals. In this way, 
less energy is available to invest in reproduction. It was concluded that metal levels in snails 
and food in the Biesbosch are too low to affect snail reproduction. Other factors are more 
important in determining the outcome of reproduction in this situation. 
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Conclusions
This research shows transfer of heavy metals to and within the terrestrial soil-plant-snail 
food chain in polluted ecosystems of Biesbosch National Park. The ‘old’ pollution in the 
soil, derived from flooding and sedimentation during the 1960s and 1970s, still contributes 
to food chain transfer of metals. This old pollution contains metals related to industrial 
activities in the hinterland of the rivers Meuse and Rhine. Contemporary atmospheric Pb 
pollution also contributes to Pb pollution levels in plant leaves and snails, despite the low 
Pb concentrations in the atmosphere. The elevated concentrations in nettle leaves and 
C. nemoralis snails in the Biesbosch do not cause sub-lethal effects on consumption and 
reproduction of snails, and effects on growth are not likely either. The excretion of Cd, and 
perhaps other metals, via the mucus is possibly contributing to the absence of sub-lethal 
effects on snails at the low bioavailable metal concentrations in the soils and nettle leaves of 
the Biesbosch floodplains. 
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Samenvatting 
Herkomst, doorgifte en effecten van zware metalen 
in een bodem-plant-slak voedselketen in vervuilde 
ecosystemen in  Nationaal Park ‘de Biesbosch’
Inleiding en onderzoeksvragen
Uitstoot van zware metalen resulteert in vervuiling van de bodem, de atmosfeer en de 
hydrosfeer en deze metaalvervuiling is een mogelijke bedreiging voor het welzijn van mensen 
en ecosystemen. Het transport van fijne deeltjes over lange afstanden veroorzaakt diffuse 
metaalvervuiling. Daarnaast is metaalvervuiling van chronische aard, omdat zware metalen 
niet biologisch afbreekbaar zijn. Ondanks milieubeschermingsmaatregelen is metaalvervuiling 
uit het verleden nog aanwezig in bodems en sediment en kan mogelijk nog tot verhoogde 
metaalniveaus en negatieve effecten op ecosystemen leiden. In Nederland werd in 1999 het 
Stimuleringsprogramma Systeemgerichte Ecotoxicologie opgestart om wetenschappelijke 
kennis te vergaren over de reactie van ecosystemen op chronische en diffuse vervuiling. Het 
onderzoek dat in dit proefschrift wordt beschreven is onderdeel van bovengenoemd SSEO 
programma.   
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Nationaal Park ‘de Biesbosch’ is een gebied dat is blootgesteld aan chronische en 
diffuse vervuiling van zware metalen en andere stoffen. In dit gebied, gelegen in het westen 
van Nederland, komen de rivieren Maas en Rijn samen.  In de jaren ‘60 en ’70 van de vorige 
eeuw waren beide rivieren sterk vervuild met zware metalen en door overstromingen kwam 
vervuild sediment ook op het land terecht. Deze vervuilde lagen zijn nog steeds aanwezig. 
In dit onderzoek wordt de metaalvervuiling in een bodem-plant-herbivoor voedselketen 
in de terrestrische delen van de Biesbosch onderzocht. Een karakteristieke bodem-plant-
herbivoor voedselketen werd geselecteerd, inclusief de plantensoort Urtica dioica (grote 
brandnetel) en de huisjesslak Cepaea nemoralis (gewone tuinslak). Beide soorten komen 
veelvuldig voor in de Biesbosch. Daarnaast komen ze vaak samen voor, omdat U. dioica 
onderdeel vormt van het voedsel van C. nemoralis.  
Drie algemene onderzoeksvragen werden geformuleerd:
1. In welke mate is er doorgifte van metalen in de bodem-plant-slak voedselketen?
2. Wat is de herkomst van lood in de bodem-plant-slak voedselketen?
3. Wat zijn de effecten van zware metalen op de organismen in de voedselketen?
De metalen zink (Zn), koper (Cu), lood (Pb) en cadmium (Cd) zijn in het onderzoek 
meegenomen. Er werden vier onderzoekslocaties geselecteerd in de Biesbosch en twee 
relatief ‘schone’ onderzoekslocaties buiten de Biesbosch. Daarnaast werd een zwaar 
vervuilde locatie in België uitgekozen in de nabijheid van een zinkfabriek.
Doorgifte van zware metalen in de voedselketen
De eerste inventarisatie in het veld (hoofdstuk 2) onderzocht de mate van doorgifte van 
zware metalen in de bodem-plant-slak voedselketen door middel van het bepalen van de 
Zn, Cu, Cd en Pb concentraties in de compartimenten van de voedselketen in de zes 
onderzoekslocaties. Totale metaalconcentraties in de bodem van de vervuilde locaties waren 
4-20 maal hoger dan die in de referentielocaties, en voor alle metalen werden de Nederlandse 
bodemkwaliteitsnormen overschreden. Positieve relaties tussen de lage bladconcentraties 
en de bodemconcentraties werden alleen gevonden voor Zn. Bioaccumulatie van Zn, Cu 
en Cd werd gevonden in de zachte delen van de slakken. Positieve verbanden tussen de 
slak- en bladconcentraties werden gevonden voor alle metalen. De relaties tussen de slak- 
en bodemconcentraties waren ook positief, behalve voor Cu. Deze resultaten duiden op 
doorgifte van metalen in U. dioica bladeren en de bodem naar C. nemoralis. De hogere mate 
van verklaarde variantie voor de slak-blad relaties in vergelijking met de slak-bodem relaties 
suggereren dat de doorgifte van metalen via vervuilde bladeren belangrijker was dan via de 
152 153 Samenvatting
bodem. De biologische beschikbaarheid van metalen in de bodem was laag, en doorgifte van 
metalen uit de bodem naar brandnetelbladeren was geen belangrijke route.  
Blad-slak Cd doorgifte 
De doorgifte van metalen in bladeren naar slakken werd uitgebreider bestudeerd in een 
vervolgexperiment. Daarin werd de accumulatie van cadmium in C. nemoralis bij lage, maar 
veldrelevante Cd concentraties in het voer (U. dioica bladeren) onderzocht (hoofdstuk 3). U. 
dioica planten werden opgetrokken op zes verschillende Cd concentraties (zes behandelingen) 
in de voedingsoplossing. Dit resulteerde in Cd concentraties in het blad tussen 0 en 2.6 µg 
g-1 dw. Zeven slakken per behandeling, afkomstig van de referentielocatie Torenvalkweg, 
werden voor 38 dagen gevoerd met deze vervuilde bladeren. De Cd concentraties in de 
bladeren hadden geen invloed op consumptiesnelheden van de slakken. Zodoende nam de 
inname van Cd door de slakken toe bij toenemende Cd concentraties in het voer. Tussen 
de behandelingen werden geen verschillen gevonden in de Cd concentraties en absolute 
Cd hoeveelheden in de slakken gemeten na de beëindiging van het experiment. Regressie 
analyse liet geen verband zien tussen de Cd concentraties in de slakken en de totale Cd 
inname, noch tussen de absolute Cd hoeveelheden in de slakken en totale Cd inname. 
Deze resultaten suggereren een regulatie van interne Cd niveaus in de slakken bij lage Cd 
concentraties in het voer. De slakkenhuisjes waren geen opslagorgaan voor de ingenomen 
cadmium. Een ander experiment liet zien dat Cd werd uitgescheiden in het slijm van de 
slakken. In combinatie met het voorgaande suggereren de gegevens dat de uitscheiding van 
Cd in het slijm van slakken een substantiële bijdrage levert aan de voorgestelde regulatie, 
naast uitscheiding van Cd via de faeces. 
Herkomst van de loodvervuiling
Metaalconcentraties in de compartimenten van de voedselketen geven geen inzicht in 
de herkomst van de metaalvervuiling. Voor lood kan dit worden bestudeerd met behulp 
van Pb isotopenratios, omdat verschillende loodhoudende producten karakteristieke 
Pb isotopenratios hebben. De herkomst van de loodvervuiling in de bodem-plant-slak 
voedselketen in twee vervuilde onderzoekslocaties in de Biesbosch en de referentielocatie 
Torenvalkweg werden bestudeerd in een veldexperiment (hoofdstuk 4). Mogelijke 
loodherkomsten in de voedselketen zijn antropogeen lood uit de bodem en de lucht, 
en natuurlijk lood in de bodem. De verwachting was dat in de Biesbosch met name 
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antropogeen lood vanuit de bodem een bijdrage levert aan de metaalvervuiling in bladeren 
en slakken. De loodconcentraties in de bodem van de referentielocatie zijn laag, en deze 
locatie bevindt zich niet in een overstromingsgebied van rivieren. Vanwege deze kenmerken 
werd verwacht dat het mengsel van Pb herkomsten in deze locatie anders was dan in de 
Biesbosch. Pb isotopenratios werden bepaald in bodem, strooisel, bladeren van verschillende 
plantensoorten waaronder U. dioica, en in slakken. Daarnaast werden Pb isotopenratios 
bepaald in regenwater en zwevende deeltjes in de lucht om de Pb isotopencompositie van 
de lucht te karakteriseren. Antropogeen Pb in de bodem  (88-95 % van de totale Pb belasting) 
van de Biesbosch en in de referentielocatie (ongeveer 50 % van de totale Pb belasting) was 
afkomstig van de depositie van Pb vervuilde riviersedimenten. Voordat de referentielocatie 
werd ingepolderd, werd het gebied wel beïnvloed door uitmondende rivieren en de 
daarmee gepaard gaande depositie van sedimenten. Het lood in het riviersediment is 
afkomstig van verschillende bronnen die gerelateerd zijn aan industriële activiteiten in het 
achterland van Maas en Rijn. In tegenstelling tot aan het bodemcompartiment, draagt Pb in 
de lucht substantieel bij aan de Pb vervuiling en Pb doorgifte in bladeren en slakken in alle 
onderzoekslocaties. De loodvervuiling in bladeren en slakken is het beste te verklaren als 
een menging van Pb uit riviersediment en Pb uit de lucht. Beide Pb herkomsten mengen via 
verschillende doorgeefroutes die gepaard gaan met lage concentraties. De exacte bijdrage 
van Pb in de lucht aan de loodvervuiling in planten en slakken kan niet gegeven worden. 
Natuurlijk Pb in de bodems van de onderzoekslocaties droeg niet noemenswaardig bij aan 
de loodvervuilingsniveaus in planten en slakken. 
Effecten van metalen op voerconsumptie en voortplanting van 
slakken 
De effecten van metaalvervuiling op slakken werden bestudeerd in twee experimenten 
waarin natuurlijk voer (U. dioica bladeren), slakken en bodem werd gebruikt om de situatie in 
het veld zoveel mogelijk na te bootsen (hoofdstuk 5). In het eerste experiment werden de 
effecten van de mate van metaalvervuiling in bladeren en slakken op de bladconsumptie van 
slakken onderzocht. In een experiment met een gekruiste factoriële opzet werden bladeren 
afkomstig van de referentielocatie Torenvalkweg en de zwaar vervuilde locatie in België 
gevoerd aan slakken afkomstig uit deze beide onderzoekslocaties. De slakken die gevoerd 
werden met vervuilde bladeren vertoonden significant lagere consumptiesnelheden dan de 
slakken die gevoerd werden met de bladeren van de referentielocatie, onafhankelijk van 
de mate van metaalvervuiling in de slakken. De metaalconcentraties in de bladeren van de 
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vervuilde Biesbosch locaties waren meestal lager dan de concentraties in de zwaar vervuilde 
bladeren die in dit experiment werden gebruikt. Effecten van metaalvervuiling in Biesbosch 
bladeren op consumptie door Biesbosch slakken zijn dan ook  niet te verwachten. In het 
tweede experiment werden de effecten van metaalvervuiling op voortplanting van slakken 
bestudeerd. Slakken afkomstig uit twee vervuilde Biesbosch locaties, de referentielocatie 
Torenvalkweg en de zwaar vervuilde locatie in België werden in een experimenteerkas op 
hun eigen bodem en voer gehouden om zich daar voort te planten. Er was geen duidelijk 
verband tussen legselgrootte en de mate van metaalvervuiling voor de referentielocatie en 
de Biesbosch locaties. Slakken uit de zwaar vervuilde locatie daarentegen legden geen eieren 
in deze experimentele situatie. Dit suggereert dat voortplanting, gemeten als legselgrootte, 
bij de hoge niveaus van metaalvervuiling sterk is aangetast. Dit resultaat is het gevolg van 
de combinatie van een verlaagde consumptie en een toegenomen vraag naar energie voor 
de accumulatie en detoxificatie van metalen. Vervolgens blijft er minder energie over om 
te investeren in voortplanting. De metaalconcentraties in slakken en brandnetelbladeren 
in de Biesbosch zijn te laag om voortplanting negatief te beïnvloeden. Andere factoren zijn 
belangrijker in het bepalen van voortplantingsucces in deze situatie. 
Conclusies 
Dit onderzoek laat zien dat er sprake is van doorgifte van metalen naar en binnen de 
terrestrische bodem-plant-slak voedselketen in vervuilde ecosystemen in de Biesbosch. 
De ‘oude’ vervuiling in de bodem, die met name afkomstig is van sedimentatie in de jaren 
‘60 en ’70 van de vorige eeuw, draagt nog steeds bij aan de doorgifte van metalen in de 
voedselketen. Metalen afkomstig van industriële activiteiten in het achterland van de rivieren 
Maas en Rijn maken deel uit van deze vervuiling. Hedendaagse atmosferische loodvervuiling 
draagt ook bij aan de Pb vervuiling in planten en slakken, ondanks de lage loodconcentraties 
in de lucht. De verhoogde metaalconcentraties in brandnetelbladeren en C. nemoralis slakken 
in de Biesbosch veroorzaken geen subletale effecten op consumptie en voortplanting van 
slakken, en effecten op groei zijn ook niet te verwachten. De uitscheiding van Cd, en wellicht 
ook andere metalen, via slijm draagt mogelijk bij aan het ontbreken van subletale effecten 
op slakken bij de lage biologisch beschikbare metaalconcentraties in de bodem en de 
brandnetelbladeren in de Biesbosch.  
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Bedankt, en de groeten van…
Eindelijk, het mag. Gewoon lekker opschrijven wat ik nog wou vertellen zonder de 
geschreven en ongeschreven regels over hoe een wetenschappelijk artikel eruit dient te zien 
of de voorschriften van het tijdschrift. Okee, ik zal het niet te lang maken. Daarom noem ik 
niet alle namen van eenieder die me op welke manier dan ook van dienst is geweest. Klop 
jezelf maar op je schouder al jij je een voorval kunt  herinneren.
De start van mijn promotieonderzoek betekende niet alleen een andere universiteit 
en een ander onderwerp, maar ook een nieuwe stad en een nieuw huis. Ik verhuisde van 
Wageningen (dorps genoeg om niet te stads te zijn) naar het grote, hectische en (bleek later) 
gevaarlijke Amsterdam. In Wageningen waren Limburgers een redelijk gewone verschijning, 
maar in Amsterdam voelde ik me toch vaak als een zeldzaamheid behandeld. Gelukkig was 
de afdeling Systeemoecologie ook een ratjetoe van afkomsten en accenten, dus daar paste ik 
prima bij. Alhoewel ik mijn hele promotieonderzoek wel Limburg-gerelateerde opmerkingen 
heb moeten aanhoren…
Naast dit soort minder serieuze zaken kon ik gelukkig ook voor de serieuze zaken 
goed door de bocht met mijn promotoren, Jelte Rozema en Rien Aerts. Bij jullie beiden stond 
de deur altijd open voor een vraag of probleem. Ik vond het erg fijn om  vaak gedrieën te 
overleggen, dat heeft me veel inzicht gegeven in uiteenlopende zaken en benaderingswijzen. 
Bedankt voor het vertrouwen en de geruststellende woorden als ik het eens niet zo helder 
voor ogen zag. De met rood becommentarieerde manuscripten werden niet altijd even blij 
ontvangen, maar waren wel een goede (en soms harde) leerschool. Daarnaast gaat mijn 
grote dank uit naar Kees van Gestel van de afdeling Dieroecologie. Je was copromotor van 
mijn Biesbosch-collega Peter Hobbelen, maar je voelde voor mij ook als echte begeleider. 
Ik kon bij je terecht voor de meer metaalgerelateerde vragen en problemen, en je was de 
vaste derde commentator van de meeste van mijn stukken. Peter Hobbelen, in september 
gepromoveerd, ik wens je veel geluk met je nieuwe baan in Amerika, je kersverse vrouw en 
zoontje. Onze samenwerking was niet zo nauw als de bedoeling was, maar ik kon wel bij 
je terecht met vragen zoals over het tijdschrift Environmental Pollution (handig dat jij ook 
‘eerst’ was) of gewoon voor een praatje. 
Vele gegevens, zoals metaalconcentraties in uiteenlopende zaken (slakkenpoep, 
sponsjes, agar; ‘you name it, we measured it’) en drooggewichten die in dit proefschrift 
worden gebruikt zijn verkregen met hulp van mijn analytische steun en toeverlaat (en oud-
kamergenote) Annelies Oosthoek, waarvoor ontelbaar veel dank. Je was ook betrokken bij 
de opzet en ‘fine tuning’ van de experimenten. Ik vond het echt vreselijk dat je wegging op de 
VU, maar ben even blij dat je een goed thuis hebt gevonden in Assen en bij het Waterschap. 
Mijn andere oud-kamergenote, Sylvia Toet, ontbreekt ook zeker niet in deze alinea, vanwege 
jouw geduldige antwoorden op statistische en andere weet-jij-hoe-dat-(normaal)-gaat 
vragen. 
De (oud)collega’s op mijn thuisbasis Systeemoecologie bedank ik graag voor raad 
en daad, en voor de afleiding in de lunchpauze. Door mijn werk aan planten én beestjes én 
metalen was ik ook veel op andere afdelingen te vinden. Zoals op Dier- en Plantenoecologie 
voor vragen over bijvoorbeeld apparatuur, metingen en voedingsoplossingen. In deze context 
wil ik speciaal Josée Koolhaas bedanken, de Biesbosch-analiste op Dieroecologie. Jammer 
dat de NRR bij slakken geen doorgang heeft gevonden. Mieke Broerse verdient een aparte 
vermelding omdat jij mijn eerste en enige stagiaire bent geweest.  We hebben vooral veel lol 
gehad samen, ook al zat het niet altijd mee. Heel veel succes met jouw promotieonderzoek 
op Dieroecologie. Geweldig dat je daar gevonden hebt wat je zocht. Joris Koene van 
de afdeling Neurobiologie wil ik bedanken voor vanallerlei antwoorden en adviezen op 
slakkengebied. Door het project met loodisotopen kwam ik terecht bij de andere tak van 
de faculteit: Aardwetenschappen. Ik wil Kay Beets graag bedanken voor het initiëren van het 
project en je enthousiaste ontvangst als het eindelijk lukte om je te ontmoeten. Daarnaast 
vond ik het erg leerzaam om in een echte ‘clean room’ gewerkt te hebben. 
Ook buitens-VU-huis heb ik veel geleerd over de wetenschap en zware metalen, 
zoals tijdens de SSEO symposia of SENSE cursussen. Zeer nadrukkelijk wil ik de aandacht 
richten op mijn Utrechtse isotopencollega’s Nikolaj Walraven, Gerard Klaver en Bertil van 
Os van het TNO-NITG en de universiteit in Utrecht. Dankzij jullie hulp en inzet is het 
isotopenproject uitgegroeid tot een volwaardig hoofdstuk. Veel succes Nikolaj met het 
afronden van je onderzoek en met je gezin. 
Nadat alles was opgeschreven en ik mezelf van mijn bureaustoel had losgewrikt, 
was het tijd voor de leescommissie om aan de slag te gaan. De leden, Kees van Gestel, 
Timo Hamers, Gerard van den Berg en Jaco van Gronsveld, wil ik graag bedanken voor hun 
deelname aan deze commissie en voor het plaatsnemen in de oppositie. Ik wil hier extra 
mijn dank uitspreken aan Jaco van Gronsveld, voor de bereidheid mij te begeleiden bij het 
schrijven van een onderzoeksvoorstel. 
Veel Biesbosch- en metaalconnecties dus in dit dankwoord. Daarom dat mijn 
paranimfenduo bestaande uit Aafke Brader en Tineke Troost juist niks met de Biesbosch 
of metalen te maken heeft. Nou ja, Aafke, je was een keer mijn redder in nood voor het 
slakken zoeken in de Biesbosch, maar verder hebben we vooral gezellig gekletst toen je als 
mycorrhiza-stagiaire op mijn kamer zat en nu je als promovendus op de VU werkt. Tineke, 
jouw ken ik van de SENSE-A1 cursus en de toevallige ontmoetingen en gesprekken op de 
plee tussen de A- en B gang. Fijn dat jullie mijn paranimfen willen zijn. Dankzij mijn voorliefde 
voor de andere ‘heavy metals’ kwam ik mijn oud-dorpsgenoot Raoul Pinxt weer tegen. Ik 
ben je erg dankbaar voor je expertise en de tijd die je gestoken hebt in het mede lay-outen 
van mijn proefschrift. Je hebt een supercoole voorkant ontworpen (gelukkig zag het in de 
paarse versie ook goed uit), en me veel werk en (verschuivende tekst etc.) frustraties uit 
handen genomen. 
Naast mijn onderzoek had ik de taak om te assisteren bij het practicum 
Biodiversiteit en Ecologisch Veldwerk in juni. Behalve een verregende veldweek op 
Terschelling en een loopkeveronderzoek in Wageningen had ik niet veel ervaring met het 
herkennen en determineren van de Nederlandse flora- en fauna. Dankzij het practicum is dit 
helemaal goed gekomen en worden de planten- en beestenboeken geregeld gebruikt voor 
een determinatie. Matty Berg, Hans Cornelissen en Frans Kuenen bedankt voor de gezellige, 
leerzame en drukke tijden. 
Amsterdam bleek voor mij een gevaarlijke stad te zijn en ook op nog wat 
andere manieren pech mee te brengen. Bekend is de gecompliceerde beenbreuk en de 
klaplong natuurlijk. Veel van de hierboven genoemde mensen en afdelingen wil ik nog extra 
bedanken voor hun bezoekjes en attenties tijdens mijn ziekenhuisopnames. Ook dank aan 
het engeltje op mijn schouder dat ervoor zorgde dat ik dit proefschrift überhaupt heb 
kunnen afschrijven… Gelukkig kreeg ik dankzij Rien en Jelte de drie maanden vertraging 
gecompenseerd. Daarnaast is er nog een keer bij mij ingebroken. Maar mijn fi ets is slechts 
èèn keer gejat, dus dat valt mee. En op mijn fi ets, met het pontje over het IJ, ben ik meestal 
met plezier naar de VU gegaan. Zeker voor of na de grote drukte, heeft Amsterdam wel zo 
z’n charmes. 
Via de ziekenhuisakkefi etjes kom ik vanzelf terecht bij de mensen in Limburg die er 
ondanks de afstand altijd en snel waren, en die ook vanwege andere redenen niet ontbreken 
in dit dankwoord.  Pap en mam, bedankt voor de steun achter de schermen en het avondeten 
op zondag (ik zal nu vaker afwassen in plaats van snel naar de trein vertrekken), alsook zus 
Geranda voor onze e-mail updates en promovendus gesprekken (ook al is Economie toch 
wel wat anders dan Ecologie…). Heel veel succes met jouw promotieonderzoek. Mijn vriend 
en zielsmaatje Martijn, bedankt voor je luisterend oor in het weekend en tijdens de lange 
gesprekken door de week aan de telefoon (we kunnen nu kleinere belbundels nemen). Ook 
bedankt voor je schouder en de afl eiding in het weekend. We hadden de laatste tijd alletwee 
genoeg van het afscheid nemen op het station. Dat hoeft nu niet meer, ik kom terug naar 
(t)huis, en daar gaan we eindelijk echt samen verder. 
En voor degenen die het jammer vonden dat de brandnetel minder aandacht heeft 
gekregen in dit proefschrift: ‘Onkruid vergaat niet’.
Hoijen hè,
Martje. 
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- Close-up of stinging nettle (Urtica dioica)
- Cepaea nemoralis feeding on Cd-enriched nettle leaves (see chapter 3)
- Column separation of samples for Pb isotope analysis (see chapter 4)
- Cepaea nemoralis resting on reed stem (Phragmites australis) in the Biesbosch
- Nettle plants growing on nutrient solution with different Cd concentrations in the 
greenhouse (chapter 3)

